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ABSTRACT
Rate c o e f f ic ie n ts  f o r  th e  in a c t iv a t io n  o f s e v e ra l  p e n ic i l l in s  in  
a c id s  and a lk a l i s  a t  3083 have been determ ined by means o f u l t r a v io l e t  
spectroscopy . The case o f b e n s y lp e n io il l in ,  though w e ll in v e s t ig a te d  
in  th e  p a s t , has been s tu d ie d  ag a in  and, in  th e  l i g h t  o f  new 
experim ents, a  scheme d e ta i l in g  th e  p ro p o rtio n s  o f th e  various 
d eg rad a tio n  p roducts has been proposed, A number o f  s u b s t i tu te d  
p h e n y lp e n ic ill in s  îmve been sy n th es ised , and th e i r  re a c tio n s  w ith  
a c id  have been in v e s t ig a te d . Product a n a ly s is  was c a r r ie d  out by means 
o f TLG and NMR s tu d ie s ,  th e  degra.dation products ( p e n ic i l lo ic ,  p e n i l lo ic ,  
p e n i l l i c  and p e n ic i l le n ic  a c id s )  having been p rev io u sly  prepared  and 
c lm ra c te rise d . From the  manner in  wh3.ch th e  phenyl s u b s t i tu e n t  on 
th e  p e n ic i l l in  a f f e c t s  th e  re,t e  c o e f f ic ie n t ,  i t  i s  deduced th 9, t  th e  
mechanism o f in a c t iv a t io n  by a c id s  invo lves a  ra te -d e te rm in in g  
in tram o lecu la r a t ta c k  by th e  s id e - c te in  carbonyl group on the  p ro to m te d  
p  -lac tam  fu n c tio n . An in te rm ed ia te  o x a so lo n e -th iaz o lid in e  s t r u c tu r e  
i s  formed, which th en  re a c ts  f u r th e r  by th re e  d i f f e r e n t  pathways. The 
p ro p o rtio n s  o f th e  p roducts o b ta ined  from th e  p h e n y lp e n ic ill in s  a re  
d i f f e r e n t  from th o se  ob ta ined  from b e n a y lp a n ic i l l in ,  p r in c ip a lly  because 
th e  p h o n y Ip e n lc ille n ic  a c id s  a re  e a s ie r  to  form and a re  le s s  r e a c t iv e  
towards a c id  th an  i s  b e n a y Ip e n lc ille n ic  a c id .
The ira id a so le -ca ta ly sed  iso m é risa tio n  o f b e n z y lp e n ic i l l in  in to  
p e n ic i l le n ic  a c id  has been s tu d ie d . This re a c t io n  was in v e s t ig a te d  
u sing  a number o f  s u b s t i tu te d  im idaso les and , from th e  r a te  equatio n s  
which were o b ta in ed , a u n if ie d  re a c tio n  mechanism has been proposed.
This invo lves a  ra te -d e te rm in in g  p ro to n - tra n s fe r  to  an  in te rm ed ia te  
pen lc illo y lim ld aso l©  complex, which i s  fo llow ed by f& st r in g  opening
and expu lsion  o f im idaso le .
Some s tu d ie s  on th e  novel m ono-cyclic ^ - l a c ta m  a n t ib io t i c  
n o card ic in  A have been c a r r ie d  o u t; i t s  r e a c tio n  in  d i lu te  and 
m odera te ly -concen tra ted  a c id  has been s tu d ie d . I t  i s  proposed th a t  
th e  mechanism o f h y d ro ly s is  invo lves a  f a s t  jB -lac tam  cleavage fo llow ed 
by slow er h y d ro ly s is  o f th e  oxime fu n c tio n . U nlike most oximes, tW ,t 
o f  n o card ic in  A was found to  hydro lyse f a s t e r  a s  th e  a c id i ty  was 
in c reased . I t  i s  suggested  th a t  t h i s  unusual behaviour a r i s e s  from th e  
proxim ity  o f an  amide group to  the  oxime. S im ila r behaviour has been 
observed f o r  benzoyl formamide oxime.
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C H A P T E R  ONE
I N T R O D U C T I O N
—1—
A BRISE' HISTORICAL SURVEY
There can be l i t t l e  doubt th a t  th e  d iscovery  o f  p e n ic i l l in  by 
S i r  Alexander Fleming in  1928^ ranks a s  one o f th e  most impoartant 
developments o f tw e n tie th -c e n tu ry  sc ie n c e . The d iscovery  i t s e l f  
was a fo r tu i to u s  one; some s t r a y  mould spo res tmppened to  e n te r  
F lem ing’s  la b o ra to ry  and contam inate h is  c u ltu re  grow ths, a t  j u s t  
th e  r i g h t  tem perature  fo r  them to  produce t h e i r  p e n ic i l l i n  and th u s  
cause th e  c e l l - l y s i s  which Fleming observed. N onetheless, th i s  
marks th e  o r ig in  o f  chemotherapy as  we know i t  today . Since t î ia t  tim e , 
thousands o f s t r a in s  o f ra ic ro -o r^ n ism s have been screened  in. th e  
sea rc h  f o r  new and more powerf’u l  a n t ib io t i c s ,
Tlie p e n ic i l l in s  were among the  f i r s t  genuinely  a n t ib a c te r ia l  
chem icals to  be used in  m edicine. P revious to  t h e i r  d iscovery , 
tre a tm e n t o f d ise a se  was la rg e ly  th e  p reserv e  o f th e  v a cc in a tio n  
techn iques developed by P a s te u r , where th e  body i s  s tim u la te d  to  
provide i t s  own defence a g a in s t  in fe c t io n .  With th e  excep tion  o f th e  
sulphonamide d ru g s , any chem ical prepara-tions which were used b e fo re  
1940 were mainly o f  an  a n t i s e p t ic  o r d is in f e c ta n t  n a tu re . P e n ic i l l in  
was th e  f i r s t  r e l a t iv e ly  sim ple chem ical (as  d i s t i n c t  from complex 
b io lo g ic a l  p ro d u c ts) to  have a  to x ic  e f f e c t  on b a c te r ia  w hile be ing  
alm ost harm less to  h igher forms o f  l i f e .
I r o n ic a l ly ,  Flem ing’s d iscovery  la y  dormant f o r  about te n  y e a rs , 
u n t i l  i t s  f u l l  s ig n if ic a n c e  was r e a l is e d  by F lo rey , Glmin and t h e i r  co­
w orkers a t  the  S i r  W illiam Dunn School o f  Pathology in  Oxfoi'd, T h e ir 
i n i t i a l  in v e s t ig a t io n s  e s ta b lis h e d  the  enormous p o te n t ia l  o f th e  d isco v e ry ,
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th e  im portance o f which was co n sid erab ly  augmented by th e  ou tb reak  o f  
th e  second w orld war. The re se a rc h  was g re a t ly  s te p i^ d  up, and was 
soon jo in ed  by workers from th e  U nited  S ta te s ,  The e x te n t o f  t h i s  e f f o r t  
was such t h a t ,  ty  th e  end o f  th e  war, co n sid e rab le  q u a n t i t ie s  o f |
p e n ic i l l in  had been d isp a tch ed  to  th e  f ro n t  f o r  th e  r e l i e f  o f th e  woundedxj
iA lso, th e  s t ru c tu re  o f  th e  a n t ib io t i c  had been f a i r l y  w e ll e s ta b lis h e d  j
as  th e  now -fam iliar fu sed  ^  - la c ta m /th ia z o lid in e  r in g  system  (3 ) , T h is  j
s tru c tu re  was considered  very  unusual a t  th e  tim e , and was g ree ted  a t  I
1f i r s t  w ith  some sce p tic ism . I t  was, however, unequivocally  confirm ed i
by X-ray c ry s ta llo g ra p h ic  s tu d ie s ^ . The f i r s t  t o t a l  sy n th e s is  o f  a  ]
p e n ic i l l in  was ach ieved  in  1957^# b u t th e  o v e ra l l  y ie ld  was very  low. |1(s in ce  p e n ic i l l i n  i s  a v a ila b le  in  h igh  y ie ld  by fe rm en ta tio n  p rocessifs , I
syn theses have never been o f  any commercial im portance ,) 1
I t  i s  th e  3  -lac tam  s t r u c tu r e  which p rov ides th e  key to  th e  
compound's rem arkable a n t ib a c te r i a l  a c t i v i ty .  B a c te r ia , in  o rd e r to  
su rv iv e  in  h o s t i le  su rro u n d in g s , b u ild  fo r  them selves very  tough c e l l  
w a lls ; and they  have evolved a s p e c ia l  s e t  o f  enzymes fo r  t h i s  purt>ose.
I t  i s  though t th a t  th e  p e n ic i l l in  molecule r e a c ts  i r r e v e r s ib ly  w ith  
one o f th e se  enzymes, a  tran sam id ase , and th u s  te rm in a te s  th e  c e l l - w a l l -  
b u ild in g  process . W ithout th e  th ic k  w a ll, osmotic p re ssu re  causes th e  
c e l l  to  b u rs t  open: th u s  th e  b a c te r ia  a re  d estro y ed . Mammals te.ve no 
c o u n te rp a r t to  t h i s  c e l l -w a l l  c o n s tru c tio n , th e re fo re  to  them p e n i c i l l i n  
i s  n o n -to x ic .
In  re a c t in g  w ith  the  transam idase enzyme, th e  p e n ic i l l in  i s  
thought to  mimic an  a la iQ rla lan ine  re s id u e  (2 ) -  th e  enzyme's u su a l 
s u b s t r a te .  There i s  a  s t r u c tu r a l  and conform ational s im i la r i ty  between 
the  two m olecules. The purpose o f the  enzyme i s  to  break  th e  G -  N 
bond o f  th e  p e p tid e . A nalogously, when i t  meets th e  p e n ic i l l in ,  i t
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cleaves, the  ^  -lac tam  r in g .
S ev era l v a r i e t i e s  o f  p e n ic i l l in  were found to  he produced
n a tu ra l ly  hy m icro-organism s (eg 3 a -d ); b u t th e  range a v a ila b le  was
co n sid erab ly  widened a f t e r  th e  is o la t io n ,  in  1959» o f th e  fundam ental
p e n ic i l l i n  nucleus ~ now known a s  6 -am in o p en io illan ic  a c id  ( l ) ^ '
A cy la tion  o f t h i s  compound w ith  a  v a r ie ty  o f a c t iv a te d  carb o x y lic  a c id s
le d  to  a  whole new s e r ie s  o f 'sem i-sy n th e tic*  p e n ic i l l in s  (eg 3©*h),
Many o f th e se  possess  co n sid e rab le  advantages over th e  'n a tu r a l '  p roducts,
For example, a m p ic il l in  (3e) i s  much more s ta b le  towards a c id s  th an  i s
p e n ic i l l i n  G (3a)^^'* And m e th ic i l l in  (3 f) possesses co n sid erab le
1? 13r e s is ta n c e  towards j ^ n ic i l l i n a s e  ' (This i s  an  enzyme which i s
secreted by many bacteria and which cleaves the JB -lactam ring o f the
p e n ic i l l in ,  thus ren d e rin g  i t  harm less to  th e  b a c te r ia ^ ^ ' I t  i s  th e
cause o f th e  r e s is ta n c e  which Im c te r ia l  sp ec ie s  ha.ve developed
towards p e n i c i l l i n , )
P e n ic i l l in s  u su a lly  d isp la y  th e i r  g r e a te s t  a c t i v i t y  a g a in s t
g ram -positive  b a c te r ia .  However, in  1959» th e  f i r s t  member o f a
l6new c la s s  o f a n t ib io t i c s ,  th e  cep h a lo sp o rin s , was is o la te d  , The
s tru c tu re  of cepha lospo rin  G (4 ) was determ ined in  1967^ ^ ' I t  i s
structurally  sim ilar to p e n ic ill in , having a fused J3 -lactam/
d ih y d ro th iaz in e  r in g  system . Evidence su g g ests  th a t  both  th ese
a n t ib io t ic s  a re  produced by v ery  s im ila r  b io sy n th e tic  pathways, and
indeed Imve a  common p recu rso r in  ^  (L -tG -am in o ad ip y l)-L -cy ste in ly -
D -valine (5)^^* C ephalosporins possess a much w ider spectrum o f
20a n t ib io t ic  a c t i v i t y  tlm n do p e n ic i l l in s  . T o ta l sy n th e s is  o f  a
21cephalosporin  was f i r s t  accom plished in  I 966 .
U n fo rtu n a te ly , th e  q u a n t i t ie s  o f n a tu ra l  cephalosporin  
ob ta in ed  from m icro-organism s by fe rm en ta tio n  a re  co n siderab ly
/
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lower tlian th o se  achieved  f o r  th e  p e n ic i l l in s .  The l a t t e r  a re
produced very  e f f i c i e n t ly ,  and cheap ly , from a h ig h -y ie ld in g  s t r a i n
o f P én ic illiu m  chrysogenum. No cephalosporium  s t r a i n  so f a r  is o la te d
i s  n early  so  e f f i c i e n t .
In  1963 , however, i t  m s  d iscovered  th9>t cephalosporins could
22be formed by rin g -ex p an sio n  o f  p e n ic i l l i n  su lphoxides (scheme 1) ,
This re a c t io n  rem ains a  key s te p  in  cepim losporin  m anufacture today .
The p a s t  tw enty y ea rs  have seen  a  co n tinu ing  and widening 
sea rc h  f o r  new compounds co n ta in in g  th e  -lac tam  moiety. ffe,ny have 
been found to  be c l in ic a l l y  u s e fu l, and indeed to  possess su p e r io r  
q u a l i t i e s  to  th e  p e n ic i l l in s .  Examples a re  c la v u la n ic  a c id  (6 ) ,  a
pO nil OKpow erful in h ib i to r  o f  JB -lactam ase " ^thienam ycin ^ (7), and
o liv a n ic  a c id  (8 )^^ , Even monocyclic ^  -lac tam s, such as  n o c a rd ic in  A 
(9 ) ,  have been found to  possess a n t ib a c te r ia l  p r o p e r t ie s '^ .  N ev erth e le ss , 
d e sp ite  th e se  new advances, p e n ic i l l in s  rem ain, f o r  a l l  t h e i r  d e f ic ie n c ie s ,  j
Jamong th e  most w idely ad m in is te red  a n t ib io t i c s ,  because they  a re  much J
th e  cheapest to  produce^^. j
CHEMICAL REACTIONS OP THE PEMGILLINS
The purpose o f th e  p re se n t s tudy  has been to  d iscover more 
concerning th e  chem ical changes which p e n ic i l l in s  undergo in  aqueous 
media -  p a r t ic u la r ly  in  a c id ic  and b a s ic  s o lu t io n s . I t  i s  concerned 
w ith  th e  p roducts formed in  th e se  s o lu t io n s , and th e  r a te s  a t  which 
they  a re  formed.
A co n sid e rab le  s to re  o f knowledge has been accum ulated over 
th e  y ears  on t h i s  s u b je c t .  Indeed, deg radation  s tu d ie s  were employed
reflux
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from th e  very beginn ing  in  s t ru c tu re  d e te rm in a tio n , and th e  
id e n t i f ic a t io n  o f re a c t io n  p roducts 'gave va lu ab le  c lu e s  to  th e
2Qs tru c tu re  o f th e  p e n ic i l l in s  them selves Not only  th a t ,  b u t some
d eg radation  p roducts have im portan t b io lo g ic a l e f f e c t s ,  and a re  th u s
compounds o f i n t e r e s t  in  t h e i r  own r ig h t .
In e v ita b ly , most o f th e  d e ta i le d  d eg radation  work has been
co n cen tra ted  on th e  r e a c t io n  o f  p e n ic i l l in  G (3 a ), th e  most r e a d i ly -
a v a ila b le  compound. T his p re se n t work began w ith  a  reassessm en t
o f p e n ic i l l in  G and has proceeded to  ex tend  th e  id eas  developed th e re
to  th e  p h e i^ lp e n ic i l l in s  (3 , R = A r), These, a lthough  they  a re  m ostly
u se le s s  b io lo g ic a l ly ,  do h e lp  to  provide v a lu ab le  in s ig h ts  in to  th e
chem istry  o f p e n ic i l l in s  as  a  whole.
What fo llow s now i s  a  summary o f th e  products which a re  known :to
a r i s e  from re a c tio n s  o f p e n ic i l l in  G«
In  a lk a l in e  s o lu tio n s  th e  chem istry  i s  v e ry  sim ple. The
^  “lactam  fu n c tio n  undergoes h y d ro ly tic  c leav ag e , g iv ing  one p roduct
on ly ; known as b e n z y lp e n ic illo ic  a c id  ( lo )^ ^ . This i s  a lso  th e  product
30obtsdned when p e n ic i l l in  i s  im c t iv a te d  by p e n ic i l l in a s e  . I t  has no
a n t ib a c te r ia l  p ro p e r tie s .
The p e n ic i l lo ic  a c id  i s  q u ite  s ta b le  i t s e l f  in  a lk a l in e
s o lu tio n , b u t in  a c id ic  s o lu tio n  i t  lo se s  a  m olecule o f carbon d io x id e ,
to  form b e n z y lp e n illo ic  a c id  (ll)^^L  This compound can a ls o  be formed
30by re f lu x in g  b e n z y lp e n ic il l in  in  a c id  a t  pH 7r ♦
The a c tio n  o f a c id  on p e n ic i l l i n  i s ,  however, co n siderab ly  
more com plicated . As w ell a s  p e n ic i l lo ic  a c id ,  th e re  a re  s e v e ra l  
o th e r p roducts .
Of th e se , th e  most e a s i ly  is o la te d  i s  b e n sy lp e n lll ic  a c id  (12). 
This i s  an isomer o f p e n ic i l l in  which p rec ip iiva tes  from a  so lu tio n
benzylpenQmddic acid
3 a )
HgCU
Hz.5
Y H a
CH CONHCH^CHO + 00^+
benzylpeni I loal dehy de  
(16 )
H 2 N ^ '^ " « C 0 2 H
penicillamine  
( 1 5  )
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31o f th e  p e n ic i l l in  on s tan d in g  a t  about pH 2 . There i s  evidence
t h a t ,  on s tan d in g  f o r  an  even lo nger tim e in  a c id , th i s  compound
32a ls o  decarboxy la tes to  p e n i l lo ic  a c id ^  .
Another isomer i s  b e n z y lp e n ic ille n ic  a c id  (13 ), This was f i r s t
is o la te d  during  an a ttem p t a t  th e  t o t a l  sy n th e s is  o f  p e n ic i l l in  G,
and i t  was subsequently  d e te c te d  among th e  re a c t io n  products o f th e  l a t t e r
in  ac id ^^ . One rem arkable fe a tu re  o f th i s  compound i s  an in te n se
u l t r a v io le t  ab so rp tio n  band a t  320 nm: a  r e s u l t  o f th e  compound’s
h ig h ly -co n ju g a ted  s t r u c tu r e ,
B en z y lp e n ic ille n ic  a c id  has a t t r a c t e d  a g re a t  d ea l o f  a t te n t io n
in  i t s  own r i g h t ,  s in ce  i t  i s  suspec ted  to  be th e  main cause o f
34p e n ic i l l in  a l l e r g ie s ^  . I t  i s  found to  be very  u n s tab le  i t s e l f  in  
bo th  a c id ic  and M s ic  s o l u t i o n  (indeed  f q r  more so than  th e  b enzy l­
p e n ic i l l in  from which i t  i s  fonaed); and, depending on th e  pJI, i t  can 
r e a c t  to  form p e n i l l i c  a c id ,  p e n ic i l lo ic  a c id  o r  penamaldic a c id  (14)^-^,
I t s  s t a b i l i t y  in  aqueous s o lu t io n  can be co n sid erab ly  enhanced by
)uni
3 ^
complexing w ith  mercury ion^^ , and in  f a c t  th e  compo d can be is o la te d
by re a c tio n  o f th e  p e n ic i l l i n  w ith  m ercuric ch lo ride-
M ercuric ch lo rid e  a ls o  has th e  e f f e c t  o f  c leav in g  th e  p e n ic i l l i n  
m olecule in  two : th e  fi?agments being  p en ic illam in e  (15 ) and a  
pen illo a ld eh y d e  (1 6 )^ ^ ,.
KIHETiaS AND MECHANISM
There a re  numerous methods o f  determ ining  th e  amount o f  
p e n ic i l l in  p re se n t in  any g iven  sam ple, and thus o f fo llow ing  th e  
course o f a  reactioiP*^, To o b ta in  a  d i r e c t  measure o f  p e n ic i l l i n
1
R -C K
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0 - ^  H+ '
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RCON_
0
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p H - r a t e  profile for Inactivation 
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co n cen tra tio n  p a  m io roM olog ica l a ssay  procedure i s  norm ally ©raploj'-ed.
O ther methods work hy de term in ing  th e  co n cen tra tio n  o f one o r more 
o f th e  r e a c t io n  p roducts . Among th e se  l a t t e r  a,re such d iv e rse  tech n iq u es  ; 
a s  iodom etric  t i t r a t i o n ,  a c id -h ase  t i t r a t i o n ,  u l t r a v io l e t  spectroscopy  
and polarography.
The f i r s t  k in e t ic  study o f  th e  in a c t iv a t io n  o f b e n z y lp e n ic i l l in
38by a c id s  seems to  have been undertaken  by B enedict e t  a l . ,  who 
dem onstrated th a t^  a t  a " f ix e d  pH, th i s  in a c t iv a t io n  i s  f i r s t - o r d e r  
w ith  re s p e c t  to  p e n ic i l l in .  Subsequently , B rodersen c a r r ie d  ou t a  
thorough study o f t h i s  p ro cess , e s tim a tin g  p e n ic i l l in  by means o f a 
tu rb id im e tr io  a ssay ^ ^ '
Brodersen p o s tu la te d  th a t  th e  in a c t iv a t io n  re a c t io n  proceeds 
v ia  a  p ro to  n a tio n  on th e  n itro g e n  o f  the  ^  -lac tam  r in g .  A cidic 
s o lu tio n s  th u s  co n ta in  two s j^ c ie s  (which he denoted HPnH  ^ and Bn"H^) 
which would spontaneously  degrade ( in  some u n sp ec if ie d  way) in to  
b io lo g ic a l ly  im c t iv e  substances (scheme 2 ) .  On th e  b a s is  o f th i s  
assum ption he deduced th a t  th e  p s e u d o - f ir s t-o rd e r  r a te  c o n stan t k 
would be g iven  by th e  fo llow ing  equation :
k =
Ko +
where i s  th e  hydrogen io n  c o n cen tra tio n
>■■1i s  the  d is s o c ia t io n  c o n sta n t o f b e n z y lp e n ic i l l in  I
(w ith  a  va lue  o f I0*"^*^mol l*”^ ) I
■ ;ifc_j. i s  th e  f i r s t - o r d e r -  r a t e  co n stan t f o r  deg rad atio n  o f HPnH 
i s  th e  f i r s t - o r d e r  r a t e  co n stan t f o r  d eg rad a tio n  o f Pn”H*^
*“8'*
i s  th e  d is s o c ia t io n  c o n s ta n t of HPnH
M»K , i s  th e  d is s o c ia t io n  c o n sta n t o f Pn H
The experim ental r e s u l t s  were in  good agreem ent w ith  th i s
re la tio n sh ip *  I t  e x p la in s  s a . t i s f a c to r i ly  th e  k ink  which i s  observed
in  th e  pH -  r a te  p r o f i l e ,
B rodersen a ls o  in v e s t ig a te d  th e  e f f e c t  o f  tem perature  on th e
re a c t io n , and c a lc u la te d  th e  en e rg ie s  o f a c t iv a t io n  f o r  th e  d eg rad a tio n
o f  HPnH^ and Pn**H^  to  he 1 7 ,6  kcal/m ol and 21 ,0  kcal/m ol r e s p e c tiv e ly .
S ince Brodersen*s work, in v e s t ig a to r s  have tended to  co n cen tra te
on th e  r a te s  of fo rm ation  o f  p a r t ic u la r  p ro d u c ts . K xejci, u sing
polarography, dem onstrated  th e  e x is ten c e  o f a p o la ro g ra p h ic a lly  a c t iv e
in te rm ed ia te  which was formed in  th e  course o f th e  a c id - in a c t iv a t io n
o f h e n z y lp e n ic il l in . By c o m p risen  w ith  u l t r a v io l e t  s tu d ie s ,  he concluded
th a t  th i s  in te rm ed ia te  was th e  p e n ic i l le n ic  a c id , and e lu c id a te d  th e
r a te  co n stan ts  f o r  i t s  fo rm ation  and decay^^. His r e s u l t s  in d ic a te d
t l ia t  th e  p ro p o rtio n  o f  p e n ic i l le n ic  ac id  form ed, r e l a t iv e  to  th e  t o t a l
p roduct, in c re a se s  w ith  in c re a s in g  pH. l a t e r ,  Schw artz, combining
K re jo i 's  r e s u l t s  w ith  B rodersen*s, concluded th a t  th e  p e n ic i l le n ic  a c id
was formed by re a c t io n  o f th e  p e n ic i l l in  an io n  (Pn H^), w hile th e
u n d isso c ia te d  p e n ic i l l in  (HPnH" )^ re a c te d  to  form p e n ic i l lo ic  a c id ^ ^ ,
(This i s  a  conclusion  which w i l l  be c r i t i c i z e d  l a t e r  in  th e  t h e s i s . )
lifxDennen and Davis ^ in v e s t ig a te d  th e  form ation  o f p e n ic i l lo ic  
a c id  from a  number o f p e n ic i l l in s ,  d e te c tin g  th e se  products by means 
o f  arsenom olybdic a c id  and m ercuric c h lo r id e , T lie ir r e s u l t s  in d ic a te  
t h a t  th e  p ro p o rtio n  o f t h i s  product formed, r e l a t i v e  to  th e  t o t a l  p roduct, 
d ecreases as  th e  pH o f  th e  r e a c t io n  medium i s  in c re a se d .
More re c e n t ly ,  s tu d ie s  have been ca.rried  o u t in  which th e  e n t i r e  
range o f p o ss ib le  products has been m onitored s im ultaneously  a s  a
R CoH R C O N ~ „ ^
(17 )
c o ;c o ; H O
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R CON.
HN-
' c o ;
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fu n c tio n  o f tim e. Methods employed fo r  th i s  have been High P ressu re
Liquid Chromatogjraphy^ " and High R eso lu tion  F o u rie r  Transform KMR
. 44spectroscopy  .
In  a lk a l in e  s o lu t io n ,  where th e  re a c tio n  i s  much more 
s tra ig h tfo rw a rd , i t  has been e s ta b lis h e d  th a t  th e  r a t e  o f r e a c t io n  i s  
f i r s t - o r d e r  w ith  re s p e c t to  both  b e n z y lp e n ic il l in  and hydroxide ion  .
I t  i s  i n tu i t i v e ly  easy to  presume th a t  th e  a lk a l in e  in a c t iv a t io n  
o f p e n ic i l l in  proceeds v ia  n u c leo p h ilic  a t ta c k  o f hydroxide io n  on th e  
p  -lactam  carbonyl (scheme 3)* Both th e  id e n t i ty  o f the  p roduct and 
th e  k in e tic s  o f th e  r e a c tio n  would sup p o rt t h i s  h y p o th esis . R ecen tly , 
i t  has l^ en  dem onstrated th a t  am ino lysis  re a c tio n s  proceed in  th e  
same manner, and th a t  th e  r a te - l im i t in g  process in  such cases i s  th e  
form ation  o f th e  te t r a h e d r a l  in te rm ed ia te  analogous to  (l? )*
In  c o n tra s t  to  t h i s  sim ple s i tu a t io n ,  th e  observed iso m é risa tio n s  
in to  p e n i l l ic  and p e n ic i l le n ic  a c id s ,  which occur in  a c id ic  media, 
must involve more complex mechanisms. In te r e s t in g ly ,  th e  only 
meclianisms proposed f o r  th e se  tran sfo rm a tio n s  to  d a te  were p o s tu la te d  
considerab ly  in  advance o f k in e t ic  work ,
Both th e se  mechanisms involve an  i n i t i a l  p ro to n a tio n  o f  th e  
^  -lacta.m n itro g e n , j u s t  as  Brodersen env is3.ged. The G. -  N bond i s  
th en  cleaved v ia  an in tram o le c u la r  n u c leo p h ilic  a t ta c k  from th e  
s id e -c h a in  carbonyl (scheme 4 ) .
The in te rm ed ia te  which r e s u l t s  from t h i s ,  w ith  the  oxazolone- 
th ia s o l id in e  s t ru c tu re  ( l 8 ) ,  was one o f the  o r ig in a l  sug g estio n s  fo r  
th e  s tru c tu re  o f p e n ic i l l i n  i t s e l f .  However, a ttem p ts  to  sy n th es iz e  
such a  compound dem onstrated tl% t i t  was f a r  too  u n s tab le . For 
example, a  sim ple hydride s h i f t  w i l l  convert i t  in to  a  much more 
s ta b le  s t r u c tu r e l  p e n ic i l le n ic  a c id  (scheme 5 )*
-10.
This in te rm ed ia te  (18) may a lso  be converted  in to  p e n i l l i c  
a c id  by means o f a  f u r th e r  in tram o le c u la r n u c le o p h ilic  a t ta c k ,
(Scheme 6 ) ,  I t  should  be noted here th a t  the  in te r a c t in g  c en tre s  
axe no t a c tu a l ly  so f a r  a p a r t  a s  th ey  appear on %a,per.
S ig n if ic a n t  evidence has been c o lle c te d  in  support o f  th ese  
mechanisms, bo th  by th e  p re sen t au th o r and by o th e r  re s e a rc h e rs . This 
w i l l  a l l  be p resen ted  in  th e  main body o f th e  th e s i s .
T h is , then  i s  a very  b r i e f  summary o f what ta s  been leaxned 
about p e n ic i l l i n  re a c t io n s  in  th e  f i f t y  years  s in ce  the  i n i t i a l  
d iscovery . What fo llo w s , though i t  occupies many more pages, rep resisn ts  
by comparison a very t in y  advance.
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INTRODUCTION AND DISCUSSION
A, SEÎ^ IISYNTHETIG PENICILLINS
The many com plica ted  pathways "by which b e n z y l j^ n ic i l l in  r e a c ts  
in  d i lu te  a c id  have been th e  su b je c t o f much re s e a rc h , th e  main 
conclusions o f which were su im arised  in  th e  p rev ious c h ap te r, f u r th e r  
work on t h i s  a sp e c t, conducted a s  p a r t  o f th e  p re se n t p r o je c t ,  i s  
communicated in  clm pter 3» However, one o f  th e  p r in c ip a l o b je c tiv e s  
o f th i s  p ro je c t  has been to  t r y  to  see  i f  m o d ifica tio n s  o f th e  p e n ic i l l i n  
s id e -c h a in  would a l t e r  th e  re a c tio n  scheme. I t  was decided to  
in v e s t ig a te  th e  re a c t io n  o f p h e n y lp e n ic ill in  (3i ) ,  p -n i t ro p h e n y lp e n ic i l l in  
(3 j)  and p -m ethoxypheny lpen icillin  (3k ). These tlire e  form a  s e r ie s  in  
which th e  s u b s t i tu e n ts  have c o n tra s tin g  e le c tro n ic  p ro p e r t ie s ,  th e  
methoxy group having a  s tro n g ly  a c t iv a t in g  e f f e c t  on a benzene r in g  
w hile  th e  n i t r o  group i s  s tro n g ly  d e a c tiv a tin g .
P h e n y lp e n ic illin s  have no t been found to  be yexy e f f ic a c io u s  a s  
a n t ib io t ic s .  The only member o f th e  s e r ie s  used in  medicine i s  
r a e th ic i l l in  (3 f ) ,  o r 2,6~dim ethoxyphenylpenic3.11in. The th re e  compounds . 
chosen f o r  s tu d y , th e re fo re , were n o t a v a ila b le  comm ercially and so 
re q u ire d  to  be s p e c ia l ly  sy n th es ised .
The i s o la t io n  o f  6-a m in o p en ic illan ic  a c id , o r 6-APA ( l ) ,  Ir^s 
opened th e  way to  th e  s y n th e s is  o f p e n ic i l l in s  w ith  an  ex ten s iv e  
v a r ie ty  of s id e -c M in s . In  theorj»:, a l l  th a t  i s  re q u ire d  i s  to  p repare  
th e  d e s ired  s id e -c h a in  in  th e  form o f a  s u i ta b ly  a c t iv a te d  carb o x y lic  
a c id , which can then  be condensed w ith  the  prim ary amine group of 
6 -APA.
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Two types o f a c t iv a te d  ca rb o x y lic  a c id  have been found u s e fu l
in  th e  a c y la tio n  o f 6 -APA, These a re  a c y l c h lo rid e s  ( I 9 ) and mixed
anhydride reag en ts  (20) ,
A la rg e  number o f p re p a ra tio n s  o f sern isy n th e tic  p e n ic i l l in s
using  a c id  c h lo rid e s  were re p o r te d  by N ayler and co-w orkers
s h o r t ly  a f t e r  t h e i r  i s o la t io n  o f 6-APA, The condensations can be
e f fe c te d  in aqueous s o lu t io n  u sin g  m odified Schotten-Baumami c o n d itio n s ,
where sodium b icarb o n ate  i s  used to  n e u tra l is e  th e  6 -APA and th e  n ascen t
HGl, w ithou t making th e  medium so a lk a l in e  t h a t  th e  jB -lac tam  fu n c tio n
i s  destro y ed . An example o f  th i s  approach i s  th e  p re p a ra tio n  o f
trip heny Im ethy Ipen ic i 11 i , (Scheme 7)
Where th e  a p p ro p ria te  a c id  ch lo rid e  i s  p a r t ic u la r ly  s e n s i t iv e
to  w ater, i t  may be p o ss ib le  to  c a rry  ou t the  re a c t io n  in  an  o rgan ic
so lv en t such as chloroform , u sing  t r i e  thy  lamine a s  a  base. The pr’oblem
w ith  th is  method i s  th e  poor s o lu b i l i ty  o f 6-APA f r e e  a c id  in  o rgan ic
so lv e n ts . I t  i s  only r e a l l y  so lu b le  a s  a  s a l t  in  w ater. However, th e
13method has been used in  th e  p re p a ra tio n  o f m e th ic i l l in
The mixed anhydride method was desc rib ed  by Perron e t  a l . ^ ,  
and used, f o r  example, in  the  p re p a ra tio n  o f 4 - a cetarnidophenoxyethyl- 
p e n ic i l l in .  The mixed anhydride re a g en t i s  p repared  by condensing th e  
t r i e th y lamine s a l t  o f  th e  a p p ro p ria te  carboxy lic  a c id  w ith  e th y l  o r 
iso b u ty l chloroform ate a t  low tem peratu re  (scheme 8 ) ,  The p ro d u c t 'is  
extrem ely e f fe c t iv e  a s  an  a c y la tin g  agen t fo r  am ines.
In  p ra c tic e  i t  was found th a t ,  o f th e  compounds whose p re p a ra tio n  
was d e s ire d , th e  most e a s i ly  a c c e s s ib le  was p -n itro p h e n y lp e n ic i l l in .
This i s  formed by condensation  o f  6-APA w ith  p -n itro b en zo y l ch lo rid e
iff\in  aqueous sodium b ica rb o n a te  and acetone , The product i s  a  m ixture 
o f fo u r su b stan ces , one o f  which i s  th e  d e s ire d  p e n ic i l l in .  The
-13-
p e n ic i l l in  can be sep a ra te d  from th e  r e s t ,  e i th e r  by column chromatography 
o r ty  th e  fo llow ing  procedure. The crude product was a c id i f ie d  and 
e x tra c te d  in to  iso b u ty l m ethyl ke tone. A ddition  o f a  s o lu t io n  o f 
potassium  2 -e th y lh ex an o a te  caused p re c ip i ta t io n  o f  the  pure p e n ic i l l in  
as  i t s  potassium  s a l t^ ^ .  A ll th e  p re p a ra tio n s  o f  th i s  compound 
contained  a molecule o f w ater; i t  proved im possib le  to  form a  com pletely 
anhydrous p e n ic i l l in  s a l t .
Samples o f p h e n y lp e n ic il l in  were prepared  by both  th e  a c id
ch lo rid e  method and th e  mixed anhydride method, both  o f which appeared
to  be eq u a lly  e f f ic a c io u s .  However, in  t h i s  case th e  i s o la t io n  o f  pure
p e n ic i l l in  from th e  crude p roduct was no t so sim ple, A s p e c if ic
method f o r  th e  p re p a ra tio n  o f  p h e n y lp e n ic il l in  i s  d esc rib ed  in  th e  
^1lite ra tu re ''^  , bu t t h i s  d id  no t le a d  to  e, pure p roduct. Column 
chromatography f a i l e d  to  se p a ra te  the  components o f  th e  m ix ture. The 
product was a c id i f ie d  a s  befo re  and e x tra c te d  in to  iso b u ty l methyl 
ketone. A ddition  o f  potassium  2-e thy lhexanoate  th i s  tim e d id  n o t cause 
p re c ip i ta t io n ,  b u t th e  subsequent a d d itio n  o f a  la rg e  volume o f e th e r  
d id . This w hite p re c ip i ta te  proved to  I© a  m ixture o f th e  p e n ic i l l i n  
s a l t  and potassium  benzoate , which could be sep a m te d  by tak in g  up 
th e  form er in  ace to n e . Again, only  th e  hydra ted  p e n ic i l l in  was i s o la te d .  
The y ie ld  o f p h e n y lp e n ic il l in  was r a th e r  le s s  th an  could  be o b ta in ed  
f o r  p -n it ro p h e n y lp e n ic i l l in .
The p re p a ra tio n  o f p -m ethoxypheny lpen icillin  proved to  be 
extrem ely troublesom e. The f i r s t  a ttem p t was an  aqueous condensation  
o f 6-APA w ith  a n iso y l c h lo rid e  -  an approach which had been s u c c e ss fu l 
in  the  previous two c ase s . However, th i s  tim e th e  m ajor p roduct was 
sim ply a n is i c  a c id . I t  appears t h a t  a n iso y l c h lo r id e , th e  l e a s t  
re a c t iv e  o f th e  th re e  c h lo r id e s , i s  f a r  more re a c t iv e  towards w ater tlm n
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towards 6-APA. The mixed anhydride method was t r i e d  n e x t. T his d id  
le ad  to  th e  form ation  o f p e n ic i l l in ,  hu t th e  d e s ire d  p-methoxyphenyl­
p e n ic i l l in  was found to  be mixed w ith  la rg e  amounts o f e th o x y p e n ic il l in  
(o r  is o b u to x y p e n ic il lin  (3m)). Scheme 9 re p re se n ts  how th e se  contaminants ; 
can a r i s e .  The p-methoxy group ren d e rs  the  phenyl carbonyl le s s  
su sc e p tib le  tlian u su a l to  n u c leo p h ilic  a t ta c k ,  and so encourages a t ta c k  
by th e  amine on th e  o th e r carbony l. I t  p:oved im possible to  separate 
th i s  m ixture o f p e n ic i l l in  by a  sim ple method.
T h ird ly , a n iso y l ch lo rid e  was t r i e d  a g a in , bu t t h i s  tim e th e  
re a c t io n  was perform ed in  dry a lc o h o l- f re e  chloroform . However, no 
p e n ic i l l in  could be is o la te d .
Success was f i n a l ly  a t ta in e d  when the  6-APA was ren d ered  so lu b le  
by co nverting  i t  in to  i t s  t r im e th y ls i ly l  e s t e r  (21). This re a c te d
e a s i ly  w ith  a n iso y l c h lo r id e  in  d ioxane/ch loroform , and th e  ester was
62hydrolysed by a d d itio n  o f aqueous ethanol-"'^ , Even by t h i s  method, 
though, th e  y ie ld  o f p -m ethoxypheny lpen icillin  was very  sm all, and th e  
product hydrolysed v ery  e a s i ly .
In th e  end, ssmiples o f a l l  th re e  compounds were o b ta in ed . S p e c tra l  
s tu d ie s  and e lem en ta l a n a ly s is  confirm ed t h e i r  id e n t i ty  and p u r i ty ,s o  
t l ia t  k in e t ic  s tu d ie s  were ab le  to  go ahead. These a re  d e sc rib ed  in  
th e  nex t ch ap te r .
There a re  th re e  Im portant s p e c tr a l  c h a r a c te r i s t ic s  o f p e n ic i l l in s ' 
which were used e x te n s iv e ly  in  th e  c h a ra c te r is a t io n  o f th e se  compounds.
In the  in f r a - r e d  spectrum  th e  JB -lac tam  s tr e tc h in g  frequency occ^irs 
a t  1770-1780 cmT^, In  th e  spectrum  th e  two resonances 
a re  r a th e r  c lo se  together, occuring  a t  about 1 ,5  Ppm and sep a ra ted  by 
about 0.1 ppm. P e n ic i l l in s  them selves have unremarl?able ÜY s p e c tra ,  :
b u t on s tan d in g  in  d i.lu te  a c id  th ey  begin to  abso rb  s tro n g ly  above
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300 nm. In  tim e th i s  ab so rp tio n  reach es  a  maximum and th en  begins to  
d e c lin e . I t  i s  a s s o c ia te d  w ith  th e  form ation  o f  p e n ic i l le n ic  a c id ,
B ESTERS
There a re  two reaso n s why i t  was d e s ired  to  prepare p e n ic i l l in  
e s te r s  d u ring  th i s  p r o je c t .  F i r s t l y ,  methyl e s te r s  were p repared  in  
o rd e r to  compare t h e i r  ra ,tes  o f re a c t io n  w ith  those  o f  th e  u n e s te r i f ie d  
p e n ic i l l in s .  Secondly, some benzy l-typa  e s te r s  were re q u ire d  a s  
in te rm ed ia te s  f o r  f u r th e r  chem ical r e a c t io n s .
M ethyl, benzyl and benzhydral e s te r s  were prepared  r e a c t io n  
o f  s u b s t i tu te d  diazom ethanes on th e  p e n ic i l l in  (scheme lo )^ ^ , 
p -N itrobenay l e s te r s  were formed by th e  a c t io n  on p e n ic i l l in  o f 
p -n itro b en z y l bromide-'^.
Many a ttem p ts  were made to  e s t e r i f y  6-APA; b u t a l l  o f  th e se , w ith  
th e  excep tion  o f th e  t r im e th y ls i ly la t io n  mentioned above, proved 
u n su ccessfu l. The l i t e r a t u r e  does rec o rd  a  method fo r  th e  p re p a ra tio n  
o f 6-APA benzyl e s te r^ ^ , b u t even w ith  th i s  i t  was found im possib le  to  
o b ta in  s a t i s f a c to r y  r e s u l t s .  In  c o n tra s t ,  th e  e s t é r i f i c a t i o n  o f  p e n ic i l l in s
proceeds v e ry  smoothly and lead s  to  pure p ro d u c ts , |Î1Of th e  e s te r i f y in g  ag en ts , diazomethane i s  e a s i ly  p repared  from |
56 ta  s tan d ard  p recu rso r, N -m ethyl-N -nitrosotoluene-p-sulphonam ide , Two j 
ro u te s  were employed to  p repare  phenyldiazom ethane (22 ), The f i r s t  o f jJth e se  was by th e  o x id a tio n  o f benzaldehyde hydrazone using  yellow  m ercuric  |
oxide (scheme 11 ), The second invo lved  the  p re p a ra tio n , a s  an  i
in te rm e d ia te , o f a z ib e n z il  ( 23) ~ by the  o x id a tio n  o f b e n z il  
57monohydrazone , This in te rm ed ia te  can be s to re d  f o r  months, and i s  
e a s i ly  converted  to  phenyldiazom ethane by th e  a c t io n  o f s tro n g  a lk a l i  ’ 
(scheme 12)-^®, Tliis second method became th e  p re fe rre d  one, s in ce  i f  i s
p e n i c i l l o i c  a c i d
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more convenient and g iv es  a  p u re r product* Diphenyldiazoraetlmne (24) 
was p repared  "by th e  o x id a tio n  o f  henzophenone hydrazone (scheme 13 )-^ .^
G DEGRADATION PRODUCTS OF THE PENICILLINS |
Having prepared  th e  sem isy n th e tic  p e n ic i l l in s ,  i t  m s  a ls o  j
im portan t to  o b ta in  a u th e n tic  sam ples o f the  compounds they  might p o ss ib ly  j
be transform ed to  d u rin g  th e i r  r e a c tio n s . T his i s  necessary  i f  th e  i
courses o f  t h e i r  re a c t io n s  a re  to  be a c c u ra te ly  ch arted . By analogy w ith
b e n z y lp e n ic il l in , th e  deg rad a tio n  products l ik e ly  to  be o f  i n t e r e s t  a re
p e n ic i l lo ic  a c id s  (2 5 )» p e n i l lo ic  a c id s  (26) ,  p e n i l l i c  a c id s  (2?) and
p e n ic i l le n ic  a c id s  (28 ).
P e n ic i l lo ic  a c id s  (25) a re  th e  e a s ie s t  o f  th e se  compounds to  p re ]^ re
80They a r i s e  from th e  a c t io n  o f d i lu te  a lk a l i  on th e  p e n ic i l l in  , A ll t lire e
sern isyn the tic  p e n ic i l l in s  have been converted to  t h e i r  p e n ic i l lo ic  a c id s .
B en zy lp en illo ic  a c id  (26, Ç PhCH«-) may be p repared  most sim ply^ 1 
by re f lu x in g  th e  p e n ic i l l i n  w ith  d i lu te  HCl^^. From th e  m ix tu re , pure j
Ip e n i l l ic  a c id  may be e a s i ly  i s o la te d .  This i s  n o t th e  case w ith  th e  j
p h e n y lp e n ic il l in s , and here  i t  was found p re fe ra b le  to  t r e a t  th e  p e n ic i l lo ic  
a c id  w ith  HGl. At room tem p era tu re , p e n i l lo ic  a c id  forms in  about a  week; |
b u t th e  re a c tio n s  may be j^rform ed a t  e lev a te d  tem p era tu res , j
IAgain in  th e  case o f  th e  p e n i l l i c  a c id s  (2 7 ), only th e  benzyl ■
compound can be e a s i ly  is o la te d  in  a  pure form. Pure p e n i l l i c  a c id  
p r e c ip i ta te s  from a s o lu tio n  o f  b e n z y lp e n ic i l l in  in  HGl^^, This d id  n o t 
happen in  th e  case o f p h e n y lp e n illic  a c id , where i t  was found necessary  to  j
Ii s o la te  th e  d e s ire d  product from a  m ixture by means o f  p re p a ra tiv e  th in  ,|J
la y e r  chromatography. This compound has s t i l l  no t been w ell c h a ra c te r is e d , 
because only a  t in y  amount o f  pure m a te r ia l has been o b ta in ed . Indeed , 
th e  on ly  evidence th a t  the  p roduct i s  a  p e n i l l i c  a c id  i s  by analogy w ith
th e  benzyl compound. I t  a r i s e s  by th e  a c t io n  o f d i lu te  a c id  on th e  
p e n ic i l l in ;  compeared w ith  o th e r  degradation  products i t  has a  low 
v a lu e , and in  i t s  NMR si^c trum  th e  two resonances a re  c lo se ly  spac d, 
The most in te r e s t in g  o f  th e  d eg rad atio n  p ro d u c ts , from th e  p o in t 
o f view o f th is  s tu d y , were th e  p e n ic i l le n ic  a c id s  (2 8 ), In  th e  s tu d ie s
'.Io f th e  a c id -d eg rad a tio n  o f p e n ic i l l in s  which were undertaken , i t  m s  th e  
fo rm ation  o f p e n ic i l le n ic  a c id s  which was m onitored, u t i l i z in g  th e  in te n se  | 
UV a b so rp tio n  which i s  a  common fe a tu re  o f  th e se  compounds. I t  i s  j
d isap p o in tin g , th e re fo re , t h a t  th e  a ttem pted  syn theses have not been j
g re a t ly  su c c e ss fu l, !
Two approaches to  th e  sy n th e s is  o f th e se  compounds were adop ted , j
jI n  one, an aqueous s o lu tio n  o f th e  p e n ic i l l in  was t r e a te d  w ith  m ercuric  
ch lo rid e  s o lu tio n , causing  p re c ip i ta t io n  o f th e  p e n ic i l le n ic  a c id  mercury j 
m ercap tide. From t h i s ,  f r e e  p e n ic i l le n ic  a c id  was re le a s e d  by th e  a c tio n  ' 
o f HgS gas (scheme l4 )^ ^ . The second approach was an a ttem p t to  b u ild  th e  | 
p e n ic i l le n ic  a c id  up from sm a lle r  u n i ts .  Thus, r e a c t io n  o f  th e  appropriate 
ly s u b s t i tu te d  h ip p u ric  a c id  (29 ) w ith  a c e t ic  anhydride and t r i e t h y l  j
o rthoform ate  le d  to  th e  fo rm ation  o f  ethoxym ethyleneoxazolones (3 0 )^^* |
These were then  condensed w ith  D -penio illam ine ( I 5 ) to  form the peniolllend 
a c id s  (scheme 1 5 )^^*
Both o f th e se  approaches have been d esc rib ed  in  th e  l i t e r a t u r e  f o r  ‘ib e n z y lp e n ic ille n ic  a c id ; and th i s  compound can be preigmred in  good y ie ld  |
and p u r i ty .  However, w ith  th e  phenyl compounds, a  m ixture o f a t  l e a s t  tw6
substances ensues.. NMR and UV s tu d ie s  su g g es t th a t  th e  same m ix ture  i s
o b ta in ed  by both  s y n th e t ic  r o u te s .
E x tin c tio n  c o e f f ic ie n ts  f o r  phenyl and p -n itro p h e n y Ip e n ic ille n ic
a c id s  have been measured by a llo w in g  the  p e n ic i l l in s  to  r e a c t  w ith  an
75im idazole s o lu tio n  co n ta in in g  a  t in y  amount o f  mercury io n  ; and th e
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s y n th e tic  p rep a ra tio n s  had UV sp e c tra  which accorded w ell w ith  th e se  
measurements. This i s  s u rp r is in g ,  s in ce  any d eg rad atio n  p roduct o f 
p e n ic i l le n ic  a c id  would be expected to  h9,ve a  f a r  lower e x tin c t io n  
c o e f f ic ie n tc  E lem ental a n a ly s is  o f  a  p h e n y lp en ic illen ic  a c id  p re p a ra tio n  
in d ic a te d  th a t  the  substance  wa,s considerab ly  d e f ic ie n t  in  su lp h u r.
Thus i t  ma,y be p o s tu la te d  th a t  th e  second component o f th e  m ixture a r i s e s  
by lo ss  o f  HgS from p e n ic i l le n ic  a c id , and has s t ru c tu re  (31)• Such a 
s tru c tu re  would be expected  to  have i t s  e x tin c t io n  c o e f f ic ie n t  as  
h igh  as f o r  p e n ic i l le n ic  a c id  i t s e l f .  In  i t s  NiVIR spectrum , th e  m ethyl 
resonances would be w idely  spaced (1 .30 , 1 ,7 0  ppm); w hile fo r  th e  p e n i c i l l ­
en ic  a c id  they  would be c lo se r  (1 ,4 0 , 1,50 ppm). This accounts f o r  th e  1iobserved NMR spectrum  o f  the  p ro d u c t,
aK in e tic  s tu d ie s  o f the  re a c t io n s  o f p h e n y lp e n ic ill in s  w ith  d i lu te  i"i
a c id  have in d ic a te d  th a t  t h e i r  p e n ic i l le n ic  a c id s  behave in  a  r a d ic a l ly  j
d i f f e r e n t  way from b e n z y lp e n ic il le n ic  a c id  (see  chap ter 3)* Perhaps J
th e se  s y n th e t ic  anom alies a re  sim ply y e t an o th e r example o f th i s  d if f e re n c e ^
■J
ID N-MEl'HYLPENICILLINS
In  th e  study o f  th e  a c id  d eg radation  o f  p e n ic i l l in s ,  i t  became 
apparen t t h a t  an im portan t s te p  in  th e  mechanism was th e  removal o f  a 
pro ton  from th e  6--amido fu n c tio n . This i s  necessary  f o r  th e  fo rm ation  
o f p e n i l l i c  ac id s  and o f  p e n ic i l le n ic  a c id s . I t  was f e l t  t h a t  i t  would 
be in te r e s t in g  to  see  what happens when th e re  i s  no p ro ton  to  be removed 
from th a t  p o s it io n . To th i s  end, i t  was d e s ire d  to  p repare  a  s e r ie s  o f  
N-methyl p e n ic i l l in s  (3 5 ), fo r  comparison w ith  th e  unm ethylated compounds. 
The l i t e r a t u r e  g ives d e ta i l s  o f two methods fo r  N -m ethylating 
p e n ic i l l in s ,  n e ith e r  o f  which proceed w ith very  good y ie ld s .  In  th e
63f i r s t  method, 6-APA i s  t r e a te d  w ith  a  la rg e  excess o f diazomethane
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The r e s u l t  i s  a  m ixture o f 6-APA methyl e s te r ,  N-methyl-é-APA m ethyl 
e s t e r  and N,N“dimothyl-6-APA m ethyl e s t e r  (scheme 16 ). These can l>e 
sep a ra ted  by oolimn chromatography. The monomethyl d e r iv a tiv e  can then  
be ao y la ted  in  th e  u su a l manner to  g ive  N -m eth y lp en ic illin  m ethyl e s te r s .  
The o v e ra ll  y ie ld  a t  t h i s  p o in t i s  about The r e a l  d i f f i c u l t y ,  though, 
a r i s e s  on a ttem p tin g  to  sap on ify  th e  e s te r ,  s in c e  th e  co n d itio n s  
re q u ire d  f o r  t h i s  lead  to  cleavage o f  the  jS -lac tam  r in g . A f te r  
s a p o n if ic a t io n , th e  amount o f  in ta c t  p e n ic i l l in  in  th e  m ixture i s  only 
abou t 15^, and i t  i s  im possib le  to  se p a ra te  t h i s  from th e  hydro lysed  
m a te r ia l .  So th e  d e s ire d  product cannot be o b ta in ed  pure.
I t  i s  known th a t  diazomethane w i l l  only m ethy late  a c id ic  fu n c tio n s ; 
and in  the  above case th e  n itro g en  i s  only m ethy la ted  because some o f 
th e  6-APA e x is t s  in  th e  z w it te r io n ic  form. Thus i t  would se rv e  no 
purpose to  perform  th e  experim ent on a 6-APA benzy l e s te r  (th u s  ren d e rin g  
d e -e s te r i f ic s i t lo n  more f a c i l e )  because then  th e  n itro g en  could  never be 
a c id ic  enough to  r e a c t  w ith  diazom ethane.
The o th e r  method re p o rte d  in  th e  lite reÆ u re  invo lves a  
re d u c tiv e  condensation  o f 6-APA w ith  form aldehyde, fo llow ed bj'‘ a c y la t io n  
w ith  an a c id  ch lo rid e  (scheme 1?)^^ . The o v e ra l l  y ie ld  o f th i s  p rocess 
i s  only S ince th e  method re q u ire s  very  h igh  p re ssu re s  and very  
expensive re a g e n ts , i t  was decided  no t to  a ttem p t i t .
I t  was f e l t  t h a t  i t  ought to  be p o ss ib le  to  m ethylate  p e n ic i l l in s  
more e f f i c i e n t ly  th an  th i s ;  and th e  method o u tlin e d  in  scheme 18 was 
dev ised . This based on O lsen 's  m éthy la tion  o f p ro te c ted  am im o-aclds, 
using  m ethyl io d id e  and s i l v e r  oxide in  dl.methylformamide so lv en t^ ^ .
The caxboxyl and amino fu n c tio n s  o f  6-APA a re  first p ro te c te d  by 
benzyl and benzyloxycarbonyl groups re s p e c tiv e ly . I t  was thought t h a t  
th e se  would be e a s i ly  removable a f t e r  th e  m éthy la tion  s te p .  The p ro d u c t,
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6«methy!Laminopsnicillanic a c id ,  could th en  be a c y la te d  in  th e  u su a l 
fa sh io n .
In  p r a c t ic e > a c y la tio n  o f 6-APA w ith  benzyl chloroform ate 
proceeded smoothly and in  good y ie ld , form ing N«b8nzy3.oxyoe.rbonyl-»6«APA (32 
Treatm ent w ith  phenyldiazom ethane then  a ffo rd ed  th e  benzyl e s t e r  (33)» 
.which could be m ethylated  w ith  ease , g iv in g  N-benzyloxyoarbonyl^N-methyl*» 
6-APA benzyl e s t e r  (3 4 ), The d i f f i c u l ty  a ro se  on try in g  to  remove the  
p ro te c tin g  grouj® from th i s  compound; and a t  th e  tim e o f w r it in g  t h i s  
d i f f i c u l ty  has y e t  to  be overcome.
I t  was found th a t  th e  benzyl e s te r  group could  be olea,ved o f f  by
c a ta ly t i c  hydrogenation  a t  45 psi» in  a m ixture o f  methanol and sodium
b icarb o n ate  so lu tio n ^ ^ . This tre a tm e n t, however, d id  no t c leave  o f f  th e
N-benzyloxycarbonyl group. H ydrogenolysis o f (32) and (33) th u s  gave
r i s e  to  the  same product, which was id e n t i f ie d  a s  N-benzy loxy c a r  bony 1-
6-a m in o p e n ic illo ic  a c id  m ethyl e s te r  (36 ) ,  Prolonged exposure to
methanol lea d s . to  cleavage of the JB -lactam ring and formation o f th is
e s te r .  This cleavage cam be avoided by removing th e  so lv en t im m ediately .
Thus, ta k in g  t h i s  p re c au tio n , hydrogenolysis o f (34) gave (37)*
66Olsen has re p o rte d  t h a t  N-benzyloxycarbonyl groups may be 
c leaved  o f f  by hydi?ogenolysis in  an  a c id ic  medium. In  th e  p re se n t case , 
however, h is  method was u n su ccess fu l. N e ith er th e  ben zy l.n o r th e  b en zy l- 
oxycarbonyl group was removed; b u t th e re  was evidence th a t  m etiianolysis 
o f  th e  yB-lactam  had tak en  p la ce , d e sp ite  th e  f a c t  th a t  the  so lv e n t 
was removed w ith  a l l  p ra c tic a b le  speed.
This r e s is ta n c e  o f th e  benzyloxycarbonyl group to  hydrogenolysis 
was a  pj:oblem e n t i r e ly  un fo rseen  a t  th e  commencement o f th e  sy n th es is .
When th e  d i f f i c u l ty  became known, some ways were sought o f av o id in g  the  
use o f th i s  p ro te c tin g  group.
»—C H 3—0 — C — N —  C
CH
CH CH
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Since th e  m é thy la tion  o f benayloxyoarbonyl“>6“APA benzyl e s te r  
îcrcceeded so sm oothly, i t  was decided  to  examine th e  e f f e c t  o f  th i s  
process on genuine p e n ic i l l in s .
With b e n z y lp e n ic i l l ln ,  th e  GH^l/Ag^O re a g e n t d id  r e a c t .  This 
could be deduced from th e  appearance o f s i l v e r  io d id e  a s  a byproduct, ; 
However, in  th e  p ro cess , th e  p~ lacta,ra  r in g  was cleaved  ( th e re  was 
evidence f o r  th i s  from IR s tu d ie s )  and a  com plicated  m ixture o f  p roducts  
was formed.
R ather b e t te r  r e s u l t s  were o b ta ined  w ith  phenoxym ethy lpen ic illin , 
(o r p e n ic i l l in  V (3 b )). Again, a m ixture o f p roducts  was o b ta in ed , b u t, 
from th e  NIiR spectrum , ^0% o f i t  could  be id e n t i f ie d  as  N -m e th y lp e n ic illin  
Y m ethyl e s t e r ,  w ith  i t s  -lactam  r in g  in ta c t .  The rem ainder o f  the  
m ixture has no t been p o s i t iv e ly  id e n t i f ie d ,  b u t a  major component may 
be o f s t ru c tu re  (38), This can be envisaged a s  a r i s in g  from e le c to p h i l i c  
a t ta c k  o f  th e  m ethydating ag en t on th e  ^  -lactam  n itro g en . Such a  
s t ru c tu re  would ex p la in  th e  r e l a t iv e ly  low in te n s i ty  o f th e  and
resonances in  th e  N # , and 8,1so account f o r  th e  r3 ,ther h igh  
resonances a t  8 .00 ppm. T h is , however, i s  ju s t  sp e c u la tio n .
The problem here seems to  be th a t  the  m ethy la ting  ag en t a t ta c k s  j
no t only th e  s id e -c h a in  amWe, b u t a lso  th e  ^  -lac tam  n itro g e n , causing
cleavage o f th e  r in g .  The ease w ith  which th i s  ta k es  p lace seems to  
p a r a l l e l  the  ease o f  r e a c t io n  w ith  a c id s j  ie  p e n ic i l l in  G i s  much more 
su sc e p tib le  th an  p e n ic i l l in  V, and benzyloxycarbonyl-6-APA (32) i s  not 
a f fe c te d  a t  a l l  a t  i t s  jB -lac tam  fu n c tio n , (The d if f e r in g  s u s c e p t ib i l i ty
ie s  o f p e n ic i l l in s  to  e le c t r o p h i l ic  reag en ts  i s  a  to p ic  which w i l l  be
d iscussed  in  ch ap te r 3*)
A fte r  th e  f a i lu r e  o f hydrogenolysis to  remove the  benzyloxycarbonyl 
group, o th e r  methods o f doing t h i s  were sough t, P a rticu la ,r  a t te n t io n
CH
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was g iven  to  s tro n g  a c id  re a g e n ts , such as  HBr/GH^GOOH and t r i f lu o r o a c e t i c  
a c id . I t  was reasoned th a t  the  “lactam  o f  th e  s u b s tra te  might w e ll 
su rv ive  exposure to  s tro n g  a c id , a s  d i lu te  a c id  had been obser^red to  have , 
no e f f e c t  on ben% yloxycarbonyl-6“APA (32)« In  c o n tra s t ,  s tro n g ly  b a s ic  
re a g en ts  such as  sodium in  l iq u id  ammonia would be su re  to  d e s tro y  th e  
r in g .  i
The use o f  t r i f lu o r o a c e t i c  a c id  to  remove a  benshydral e s t e r  group 1
68from cephalosporin  M s been re p o rte d  • I t  was decided to  in v e s t ig a te  th e  |  
e f f e c t  o f th i s  reag en t on compound (3^)» bu t f i r s t  th e  e f f e c t  on some o f  : 
i t s  p recu rso rs  was observed,
When 6-APA was t r e a te d  w ith  t r i f  lo ro a c e tic  a c id , th e  ^  -lac tam  ; 
r in g  was l o s t ,  b u t no firm  conclusion  has been reached  about th e  id e n t i ty  
o f th e  p roduct. Treatm ent o f b e n z y lp e n ic il l ln  w ith  TFA a ls o  r e s u l t s  in  
lo s s  o f th e  p - la c ta m .
Treatm ent o f benzyloxycarbonyl-6-APA (32) w ith  TFA r e s u l t s  in  
removal o f th e  s id e -c h a in  as  w e ll a s  ^ - la c ta m  cleavage. T his was found 
to  be a  rem arkably c lean  re a c t io n , and i t  r e s u l te d  in  ju s t  one p roduct.
The s id e -c h a in , however, was tre.nsform ed to  benzyl 8.1cohol, which ]
contam inated th e  product and proved exceedingly d i f f i c u l t  to  remove.
For th i s  re a so n , a good e lem en ta l a n a ly s is  has n o t been o b ta in ed .
However, ta k in g  th e  contam inant in to  accoun t, th e  form ula appeared  to  be
; and th e re  i s  good evidence th a t  th e  s t ru c tu re  i s  (40 ). This 
i s  s im ila r  to  the  p e n i l l i c  a c id  s t ru c tu re  (2 7 )î and, as in  th e  case o f 
p e n i l l i c  a c id ,  th e  -Œ y resonances in  th e  spectrum  a re  c lo se ly  
spaced. A lso , th e  Op and pro tons have the same chem ical s h i f t .  
Treatm ent w ith  s tro n g  a l k a l i  Viad no e f f e c t  on t h i s  p roduct. In  i t s  m,s& 
spectrum , th e  h ig h e s t peak was a t  I 3B, which can be a t t r ib u te d  to 
s t ru c tu re  (40) minus i t s  two carb o x y lic  a c id  groups and th e  su lp h u r.
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T reatm ent o f  N*“‘beiizylox5»^carbon5''l‘“6 -»APA benzyl e s t e r  (33) w ith  
TFA a ls o  gave a s in g le  product» which m s  id e n t i f ie d  a s  (4l) t^h e  
monobenzyl e s te r  o f  (4-0)» The TFA d id  no t cleave o f f  th e  e s te r  group,
Again» benzyl a lc o h o l proved to  be an in t r a c ta b le  contam inant.
Some re fe re n c e s  to  a compound o f s t ru c tu re  (W ) have appeared 
before  in  th e  l i t e r a t u r e  bu t i t  has not been p roperly
c h a ra c te r is e d  b efo re  now*
Some words concerning mechanism a re  p e r t in a n t  a t  th i s  s ta g e .
In  d iv e s t in g  o rd in a ry  amines o f  t h e i r  benzyloxycarbonyl p ro te c tin g  groups» 
TFA a c ts  as shown in  scheme 19» th e  f r e e  amine a r i s in g  from decom position 
o f  an in te rm ed ia te  carbamic a c id . I t  i s  thought t h a t  in  th e  case o f 
6-APA, the  i n i t i a l  p ro to n a tio n  occurs on th e  ^  - la c ta #  n itro g en  (scheme 20 
An in tram o le c u la r  re a c t io n  th en  r e s u l t s  in  th e  fo rm ation  o f th e  c y c lic  
anhydride (39)# This in  tu rn  re a rra n g es , by a  p rocess  am logous to  th e  
p e n i l l i c  a c id  rearrangement^*^ (scheme 6 , page 9 )#
The i s o la t io n  o f t h i s  novel compound has been an in te r e s t in g  
s id e - l in e ;  b u t th e  c e n tra l  problem o f removing th e  benzyloxycarbonyl 
s id e -c h a in  w ith o u t d e stro y in g  th e  ^  -lac tam  fu n c tio n  remains unsolved .
I t  appears that a l l  o f th e  normal chem ical techn iques have been 
exhausted; i t  may be th a t  th e  answer l i e s  w ith  an enzym atic cleavage 
p ro cess , s im ila r  to  th a t  used to  o b ta in  6-APA from b e n z y lp e n ic il l ln ^ .
EXPERIMENTAL
All o f th e  m a te ria ls  used in  the  p rep a ra tio n s  were o f g e n e ra l 
re a g en t grade. The m elting  p o in ts  quoted a re  u n co rrec ted , UV sp e c tra  
were recorded on a  Pye-Unicam SP8-100 spectrophotom eter; NMR s p e c tra  were
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reco rded  on a Brucker WP80 in strum en t; IH sp e c tra  were recorded  on a 
Perkin-Elm er 257 spectropho tom eter, samples being prepared  in  th e  form o f  : 
a  d is c  w ith  potassium  bromide, )
CHROMATOGRAPHY - J
I t  was f e l t  d e s ira b le  to  f in d  a chromatography so lv en t system  
which would e f f e c t iv e ly  d is c r im in a te  between a  p e n ic i l l in  and i t s
7?s e v e ra l  d eg rad a tio n  p roducts . Based on a  re p o r t  o f  Vanda.mme and Voets % 
th e  fo llow ing  experim ents were preform ed.
Five p e n i c i l l i n  were in v e s t ig a te d  b)^  fo u r TLG so lv en t system s.
The compounds s tu d ie d  were p e n ic i l l in  G potassium  s a l t ,  p e n ic i l l i n  V 
f r e e  a c id , m e th ic i l l in  sodium s a l t ,  a m p ic il l in  f r e e  a c id  and amino4;
p e n ic i l la n ic  a c id . A ll were commercial p rep ara .tio n s , Each substance  
(4 mg) was d isso lv e d  in  a  phosphate b u ffe r  s o lu t io n  (2 ml) o f  pH 7.42.
In  a d d itio n  to  th e se  n e u tra l  s o lu tio n s , sam ples which te d  been 
aged in  a l k a l i  and in  a c id  were p repared . Thus each x ^ n ic i l l in  (8 mg) 
was d isso lv ed  in  O.IM NaOH s o lu tio n  (1 ml) and l e f t  to  s tan d  fo r  one 
hour. Each s o lu tio n  was then  n e u tra l is e d  w ith  0,1M HGl ( l  ml) and the  
phosphate b u ffe r  s o lu t io n  (2 m l). F u rth e r samples o f  p e n ic i l l in  (8 mg) 
were d isso lv e d  in  O.IM HGl ( l  ml) and allow ed to  s ta n d  fo r  fo u r  hours.
They were subsequently  n e u tra l is e d  w ith  O.IM NaOH (1 ml) and th e  
phosphate b u ffe r  (2 m l).
Each s o lu t io n  was sp o tte d  onto oonm ercial p l a s t i c  K)LYGRAM TLG 
p la te s  coated  w ith  s i l i c a  g e l to  a th ick n ess  o f  0 ,25  mm. The chromatograms 
were run  in  a  Shandon TLG Chroma ta n k , l in e d  w ith  Whatman no, 1 f i l t e r  
paper which had been p rev io u s ly  s a tu ra te d  w ith  th e  so lv en t. The so lv e n t 
was allow ed to  r i s e  a  dlstam ce o f 14 cm from th e  p o in t where th e  sample 
was sp o tte d .
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The fo u r  so lv en t system s used were:
a ; n -b u ta n o l/w a te r /e th a n o l/a c e tic  a c id (5:2;2:1)
B, n -b u tan o ü /im te r/a c e t ic  a c id (4:1:1)
c. a c e to n e /a c e tic  a c id (95*5)
D. ace to n e /w ate r (85(15)
A fte r developm ent, th e  so lv e n t was allow ed to  evaporate  from th e  
p la te s ,  and v is u a l i s a t io n  o f  th e  sp o ts  was ach ieved  by exposing th e  
p la te  to  io d in e  vapour in  a  chromatank.
The R^ va lues were a s  fo llow s ;
B
P e n ic i l l in  G 
aged in  a lk a l i  
aged in  a c id
P e n ic i l l in  V aged in  a l k a l i  
aged in  a c id
M e th ic il l in  
aged in  a lk a l i  
aged in  a c id
A m pic illin
aged in  alk;a.li 
aged in  a c id
6-APA
aged in  a l k a l i  
aged in  a c id
.72 , .62  .74,,61,, 55
.71
:7o
.69
.5 9.67,.56, .48
,60
.5 4
.58
.5 0.42
.4 9
. 7 1
. 5 4.69,.51,.39
.69
.5 7:68
.68 
.47  .66,.43,.25
. 5 1
.35.48
.40.28.38
.78 (.11 -  .36) .75,.19,. 03
(,0 6 - #4l) .75
.7 4(.04 - .49) ,71,.19,.04
.68 
.00
.65
.59,00
.59
.55.34(.12  - . 28),
.57
.43  
.5 4
.51  
.3 4  ( .1 2 - .33) 
.37.20
.36
.37.14
.3 6
The f ig u re s  quoted in  b rack e ts  re p re se n t s tre a k s  r a th e r  than  
d is c r e e t  p o in ts .
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r e f e r e n c e  d i a g r a m  for  NMR r e s u l t s
from th e se  r e s u l t s  i t  may be deduced th a t ,  o f  th e  f iv e  substances 
te s te d ,  only p e n ic i l l in  G and m e th ic i l l in  r e a c t  e a s i ly  w ith  a c id s .
They r e a c t  to  g ive  a t  l e a s t  two p ro d u c ts , one o f which seems to  be the  
same as the  p roduct o f r e a c t io n  w ith  a l k a l i .  A ll o f  th e  substances 
te s t e d  re a c te d  w ith  a l k a l i .  The p roduct in  each case  i s  th e  p e n ic i l lo ic  
a c id . Solvent B was chosen a s  the  one which c o n s is te n tly  gave th e  b e s t  
s e p a ra tio n s . Throughout th e  fo llow ing  r e p o r ts ,  u n le ss  otherr-fise s ta te d ,  
a l l  chromatography r e s u l t s  were ob ta ined  using th i s  so lv en t system ,
MATERIALS
B e n z y lp e n ic illin  potassium  s a l t .  This was purchased from BDH 
company. IR: }J a t  3370 cm“ *^ (N*»H), 1770 cm~^ -lactam  carb o n y l),
1670 cm~^ (amide carbony l) , I 6IO om" '^ (carboxy la te  g roup). NMR: (so lv e n t 
DgO); 1 ,50  ppm ( s ,  - 0H_); 1 .575 Ppm ( s ,  -GH^); 3 .6 5  ppm (s , -GH^-)»
4 .2 5  ppm (s , Cg), 5.525  ppm (d , G^), 5 .45  Ppm (d, G^), 7.4o ppm (s , 
pheny l),
6 -am in o p en ic illan ic  a c id . This was purchased from the  Sigma
Gompiny. Mp 207°G. ^77^ cm*'  ^ ( ^  -lac tam  carb o n y l), j
1615 cm*”^  (carboxy la te  g roup ). NMR: (so lv e n t D^O/K^GO^)? 1.55ppm ( s ,  j
-CH^); 1 .6 0  ppm (s ,  -G]y) ;  4 ,2 0  ppm ( s ,  G^); 4 ,60  ppm (d , G^)j 5*55 Ppm j
(d , C -). j
JM e th ic i l l in  sodium s a l t . This was purchased from the  Sigma i
Gompg.ny, I C R : a t  35^0 cm 3470 cm ^ (N-H), 1770 cm ^ ( ^  -lactam
carb o n y l), I 670 cm"^ (amide ca rb o n y l), I 600 cm*“^  (ca rb o x y la te  g ro u p ).
NMR: (so lv en t D^O); 1 ,47  Ppm (s , -GH^); 1 ,58  PPm ( s ,  -G iy); 3*755 Ppm 
( s ,  -OOiy), 4 .1 7 5  ppm (s , Gg); 5 ,5 0  ppm (d , G^); 5 .6 0  ppm (d, G^);
6 ,7 0  ppm (d, pheny l); 7.40 ppm ( t ,  pheny l),
Phenoxymethyl p e n ic i l l in .  This was purchased from th e  Sigma 
Company, IR :y^ a t  3320, 1750, 1655 om~^, NMR: (so lv en t a ce to n e -d ^ );
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1,625 ppm (s ,  ”GH^)î 1 ,675  ppm ( s ,  -GH^); 4 ,475 Ppm (s ,  G^); 4 ,7 0  ppm 
(s ,  -GHg-); 5 .7 7 5  ppm (m, CVO^); 7.10 ppm (m, p heny l); 7.4o ppm (m, 
pheny l).
A m p ic illin . This was purchased from the  Sigma Company, TR:
a t  3500 , 3430 , 1775 , 1680 , 1600 cm“^ , NMR* (so lv e n t d O); 1 .45  Î
ppm (s ,  ~GH^); 1 ,50  ppm ( s ,  -GH^); 3 .90 ppm (s , G^); 4 ,225 PPm ( s ,  G^); |
5 .4 7 5  ppm (d, o y o ^ ) ;  7.475  ppm (s , pheny l),
p -N itro p h e n y lp e n ic illin . a )  By a method suggested  T%r th e  
p re i^ ra t io n  o f tr ip h en y lm e th y lp e n ic illin ^ '^ . A s o lu t io n  o f p -n itro b en zo y l 
c h lo rid e  ( l . l g )  in  acetone (36  ml) was added to  a  s o lu t io n  o f 6-APA 
( l , 3g) in  Jfo aqueous sodium ‘b icarbonate  so lu tio n  (50  ml) and ace tone  
(15  m l). This m ixture was s t i r r e d  a t  room tem perature  fo r  th re e  hours.
A fte r  washing w ith  e th e r  (2 x 60 m l), th e  aqueous s o lu tio n  was f i l t e r e d  
and ly o p h ilis e d . The deep yellow  s o l id  which rem ained was stiaken w ith  
acetone (20 m l), and the  in so lu b le  p a r t  was f i l t e r e d  o f f ,  (T his proved 
to  be the  excess sodium b ic a rb o n a te .)  The yellow s o lu tio n  was evaporated , 
le av in g  a  yellow  powder ( l . 5 s ) .  TLG (on s i l i c a  g e l ,  w ith  ace tone  / w ater 
"9*1 ) in d ic a te d  th e  presence o f fo u r components. S ep ara tio n  was 
e f fe c te d  on a column o f s i l i c a  (50  cm x 2 cm) u sing  th e  same so lv e n t a s  
e lu ta n t .  5 iRi samples were c o lle c te d  from th e  bottom of the  column, 
and analysed  by TLG, Samples 4 - 2 1  con tained  j u s t  one component.
They were pooled to g e th e r and ly o p h ilis e d . Y ield  O.Bg (32^ ) ,  IR*
Ji) a t  1780 , 1760 , 1670 , 1650 , l 600crv,'*(Found* G, 43 ,19; H, 3 .84 ;
N, 9 . 95 . G^^H^N^O^SNa.1 ,6 5  HgO re q u ire s  G, 43 ,19 ; H , 4 ,18 ; N, 10,0?^)
b) A m o d ifica tio n  o f th e  method o f Depue, Moat and Bondi^^, 6-APA 
( l , 08g) and sodium b icarb o n ate  (2 , lg )  were d isso lv e d  in  w ater (90  ml) 
and acetone (60  m l), p -N itrobenzoyl ch lo rid e  ( ig )  was d isso lv ed  in  
acetone (25 m l). The two s o lu tio n s  were mixed and allow ed to  s ta n d  f o r  
two hours a t  room tem peratu re . The s o lu tio n  was th e n  washed w ith  e th e r
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(50 ml, 25 m l). I t  was th en  covered w ith  iso b u ty l m ethyl ketone 
(4o ml) and cooled  to  O^ G in  an ic e -b a th . 2 M su lp h u ric  a c id  was 
dropped in  u n t i l  no fu r th e r  p re c ip i ta t io n  was observed . A fte r shaking 
and s e t t l i n g ,  th e  o rganic  la y e r  was sep a ra te d , washed w ith  'water and 
d r ie d  over anhydrous sodium su lp h a te . To th is  s o lu t io n  vias added a 
50^  s o lu tio n  o f potassium  2 -e thy lhexanoate  in  b u tan o l (2 m l). On 
s tan d in g  ov ern ig h t a  pale yellow  p r e c ip i ta te  appeared . This was 
f i l t e r e d  o f f  and washed l i b e r a l l y  w ith  e th e r . Y ie ld  0.82g (39^).
IR was id e n t ic a l  w ith  th a t  o f  th e  prev ious sample. Mp 170-1 G,
NMR; (so lv en t D^O); l ,6 o  ppm ( s ,  -GH^); 1 .70 Ppm ( s ,  -GH^); 4 ,4 0  ppm 
( s ,  Gg); 5 .75  ppm ( s ,  GVC^); 7.95 PPm (d, phenyl); 8 .30  ppm (d , phenyl), 
TLG; n e u tra l sample -  1 s p o t, R^ 0 .68; aged in  a l k a l i  -  1 sp o t, R^
0 .48 ; aged in  a c id  -  4 s p o ts ,  R ^ 's 0 .68 , 0.59» 0 .48 , 0 .43 . (Pound;
G, 4 2 .7 ; K, 3 .5 9 ; N, 10 . 0; S, 7 .3 . G]^^^,N^O^K.HgO re q u ire s  G, 42.75;
H, 3 .82 ; N, 9 .97 ; S. 7.
P h e n y lp e n ic ill in . a )  Mixed anhydride m ethodt^ A s o lu tio n  o f 
benzoic a c id  (0 , 91g) and t r i e t h y lamine (0 ,7?g) in  dloxane ( I 6 .5  ml) and 
acetone (3 ml) was cooled to  0®G.‘ To th i s  s t i r r e d  so lu tio n  is o b u ty l 
chloroform ate ( l .0 2 g )  was dropped in  slow ly. The r a t e  o f a d d itio n  was 
such as  to  m ain ta in  th e  tem peratu re  below 4^G, There was a  p re c ip i ta t io n  
o f t r i e  thy  lami ne h y d ro ch lo rid e , and th e  m ixture was s t i r r e d  a t  room 
tem perature  f o r  45 m inutes. A m ixture o f  6-APA (l.O B g), t r i e t h y lamine 
(0 ,5g ) and w ater ( I .5  ml) was added a l l  a t  once to  th e  mixed anhydride 
s o lu t io n , and th e  m ixture was s t i r r e d  v ig o ro u sly  f o r  one hour. A 
s o lu t io n  o f sodium b ica rb o n a te  (0 .55s) In  ic e -c o ld  w ater (35 ml) was 
th en  added, and th e  r e s u l t in g  so lu tio n  m s  e x tra c te d  w ith  e th e r  (2 x30 
m l). The aqueous so lu tio n  was t r e a te d  w ith  2M H^SO^ and q u ick ly
.J
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e x tra c te d  in to  iso b u ty l m ethyl ketone (2 x 4o m l). The combined 
organ ic  la y e rs  were washed w ith  ic e -w a te r (10 m l), d r ie d  over 
anhydjrous sodium su lp h a te  and f i l t e r e d ,  A 50^ s o lu t io n  o f potassium  
2«ethylhexanoate in  b u tano l (2 ml) was added. A fte r  a  few seconds, an 
o i l  began to  s e p a ra te . On a d d itio n  o f acetone (20 ml) th i s  changed to  
a  w hite  s o l id ,  which ?ras f i l t e r e d  o f f ,  (IR e s ta b lis h e d  th i s  to  be 
potassium  b e n zo a te .)  The f i l t r a t e  was s e t  a s id e  to  evapora te , and as  
i t  d id  so more w hite  powder p re c ip i ta te d .  Y ie ld  0 ,3g . IR; 3420,
1780 , 1700 , 1660 om~^. TLG; n e u tra l  sample -  1 s p o t ,  R^ 0 ,66 ; aged 
in  a lk a l i  “ 1 s p o t, R^ 0 ,46 ; aged in  a c id  -  2 s p o ts ;  R^ 0 ,4 6 , 0 , 20 ,
Mp 165^0 , The XR suggests  t h a t  th e  f r e e  a c id  has been p re c ip i ta te d ,
b ) Acid c h lo rid e  method. 6-APA (l,0 8 g ) and sodium bioarboim te (2 , lg )  
were d isso lv ed  in  vrater (25  ml) and acetone  (2 m l), and the  s o lu t io n  
was cooled to  0%  in  an  ic e -b a th . Benzoyl ch lo rid e  (0.84g) was added 
dropwise during  one m inute. This m ixture was s t i r r e d  v ig o ro u sly  f o r  
50 m inutes, w hile  being  a llow ed to  warm up to  room tem peratu re . The 
m ixture was washed w ith  is o b u ty l methyl ketone (2 % 6 m l), and th e  
o rgan ic  e x tra c ts  were d isca rd e d . The aqueous ]a,yer was covered w ith  a 
f u r th e r  p o rtio n  o f iso b u ty l m ethyl ketone ( I 9 m l), and cooled a g a in  to
0^0. 2M was added u n t i l  no f u r th e r  p r e c ip i ta t io n  occured, and th e
Im ixture was shaken so th a t  th e  p r e c ip i ta te  d is so lv e d  in  th e  o rg an ic  |■Ila y e r .  This la y e r  was se p a ra te d , washed w ith  co ld  w ater, d r ie d  over ,j
anhydrous sodium sulp îm te and f i l t e r e d .  A 5G^ s o lu t io n  o f potassium  i
12-e thy lhexanoate  in  bu tan o l ( 2 ml) was added, fo llow ed by e th e r  ( 50 m l),j 
A w hite  p re c ip i ta te  formed on a d d itio n  o f th e  e th e r .  This was allow ed 
to  s e t t l e ,  th e  e th e r  was decan ted  and f r e s h  e th e r  added. This process 
was re p e a te d , and f in a l ly  th e  m ixture was f i l t e r e d ,  ( I t  i s  necessary  
to  thoroughly  purge th e  ketone  from th e  p r e c ip i ta te ,  o therw ise  t h i s
CO-
forms in to  an  o i l  on d ry in g .)  The d r ie d  w hite c r y s ta l l in e  m a te r ia l  
was added to  acetone (10 m l), and th e  in so lu b le  p a r t  tras f i l t e r e d  o f f  
(potassium  b e n z o a te ) .. The f i l t r a t e  was added to  e th e r  (50 m l), 
whereupon the  p roduct re  p ré c ip i ta  te d . I t  was washed lil> e ra lly  v^ith 
e th e r  as b e fo re  ( to  wash o u t a l l  th e  ace to n e) and f in a l ly  f i l t e r e d  o f f  
and d r ie d . Y ie ld  0.4g (21^). Mp 175'^ G. IR* P  a t  1?60, I 650 ,
1600 cm*" .^ (so lv en t D^O); 1*60 ppm ( s ,  -GH^); 1 .7 0  ppm ( s ,  ««GH^ );
4.35 ppm (s, Gg); 5 .7 0  ppm ( s ,  G^G^); 7.6 ppm (m, phenyl); 7.75  Ppm 
(m, pheny l), TLG: id e n t ic a l  w ith  the  p rev ious sam ple. (Pound G, 47 .6 ; 
H, 4.52; N, 7 .40 ; S, 8 . 5 . re q u ire s  G, 47.86; H, 4 ,5 5 ;
R, 7 .44; S , 8 , 51^ )
p -M ethoxypheny lpen ic illin . a )  Attempted p re p a ra tio n  u sin g  an 
isobutoxy mixed anhydride re a g e n t. . p-Methoxybenzoic acid ( l , l 4 g )  and 
t r i e t h y lamine (O .77ë) were d isso lv e d  in  dioxane ( I 6 .5  ml) and ace tone  
(3  m l). This m ixture was cooled to  0®G, and is o b u ty l ch loroform ate 
( l .0 2 g )  was added dropwise w ith  s t i r r i n g ,  the  tem peratu re  being  
maintodned c o n s ta n tly  below 4°G, This m ixture was s t i r r e d  f o r  45 
m inu tes, A cooled  s lu r ry  o f  6-APA ( l ,0 8 g ) ,  t r i e th y lamine (0 ,5 s )  sund 
w ater (1 ,5  ml) was added a l l  a t  once, and vigorous s tisrc in g  was 
con tinued  fo r  a  fu r th e r  2 h o u rs , A s o lu t io n  o f sodium b icarb o n ate  
(G.55&) in  w ater (35 ml): was th en  added, and th e  r e s u l t in g  CK)^  gas was 
allow ed to  escape. The s o lu t io n  was washed w ith  e th e r  (2 x 30 m l), 
th en  a c id i f ie d  w ith  2M H^SO^. The p r e c ip i ta te  was q u ick ly  e x tra c te d  
in to  iso b u ty l m ethyl ketone (2 x 20 m l). The combined organ ic  e x tra c ts  
were washed w ith  w ater, d r ie d  over anhydrous sod5.um su lp lia te , f i l t e r e d ,  
t r e a te d  w ith  a  5P^ s o lu tio n  o f  potassium  2-ethy lhexanoate  in  b u tan o l 
(2  ml) and th en  w ith  e th e r  (200 m l). The r e s u l t in g  precipitate m s
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wasVied l ib e r a l l y  w ith  e th e r  u n t i l  i t  no longer became s tic k y  on 
d ry in g . Acetone ( 5 ml) was th en  added, and the  in so lu b le  p o r tio n  was 
f i l t e r e d  o f f .  The acetone so lu tio n  was added to  e th e r  (100 m l), and 
th e  r e s u l t in g  ja re c ip ita te . was f i l t e r e d  o f f  and d r ie d  in  a i r .  Y ie ld  
0 ,2g . TLGî n e u tra l  sample -  2 sp o ts , 0 .68, 0 ,5 0 ,
1760 , 1710 , 1650 , and 1600 cm“^ . NMR: (so lv en t D^O); 0,925 ppm (d,
9 ,8  cm, -Œ y b ) ;  I .6 5  ppm(s, 4 .9  cm, -GH  ^ a /b ) j  1 ,75  PPm (s , 4 ,9  cm,
-CK^ a /b ) ;  3 ,8 0  ppm ( t ,  4 ,8  cm, OGH^ a ,  ‘OCK^- b ) ;  4 .25  PPm ( s ,  1 .6  
cm, Gp a /b ) î  5*40 ppm (d , 0 .8  cm, 0^ b ) ; ppm (d , 0 .8  cm, G  ^ b );
5 .7 0  ppm (s ,  1 . 6 'cm, G^G^ a ) ;  7*025 ppm (d , 1 ,6  cm, phenyl a ) ;
7 .825  ppm (d, 1 ,6  cm, phenyl a ) .  This spectrum  i s  c o n s is te n t w ith  th e  
sample being a m ixture o f p-methox5'’p h e n y lp e n ic il l in  (a ) and 
is o b u to x y p e n ic il l in  (b ) ,
b) Attempted p re p a ra tio n  u sin g  an ethoxy mixed anhydride reagent*  An 
id e n t ic a l  procedure to  t h a t  o u tlin e d  in  a )  was fo llow ed; bu t e th y l  
chloroform ate (0 .8 lg )  was used in s te a d  o f  iso b u ty l ch loroform ate ,
NMR: (so lv en t D^O); 1,30 ppm ( t ,  4 ,5  cm, -GH  ^ c ) ; 1 ,65  Ppm ( s ,  2 .9  cm, 
-CH^ a /c ) ;  1 .75  ppm (a , 2 .9  cm, -GH  ^ a /o ) ;  3 . 8O ppm (s ,  1 ,4  cm, -OCH  ^a ) ;
4 ,1 5  ppm (q, 2 .5  cm, -OGH«- c ) ;  4 ,30  ppm (s , 1 ,0  cm, 0^ a /c ) ;  5 ,4  ppm
(d , 0 ,6  cm, G  ^ c ) ;  5*^5 Ppm (d , 0 ,6  cm, G  ^ c ); 5*75 Ppm (s ,  0 .8  cm,
a ) ;  6 .9 5  ppm (d, 0 .8  cm, phenyl a ) ;  7*80 ppm (d, 0 .7  cm, phenyl a ) .
T his spectriun i s  c o n s is te n t w ith  th e  sample being a  m ixture o f  
p-methoxyphenyIpen ic i l l i n  (a )  and e th o x y p e n ic ill in  (o ) .
c) P rep a ra tio n  u s in g  6-APA s i l y l  e s t e r A  sample o f  6-APA ( l .0 8 g )  
was d r ie d  over phosphorous pen tox ide , th en  suspended in  dry a lc o h o l-  
f r e e  chloroform  (8 m l), 2 ml o f  chloroform  which had been d r ie d  over 
P^O^ and sim ply decanted was added. (The P^O^ a c ts  a s  a  c a t a l y s t . )
To th i s  m ixture was added hexam ethy ld is ilasane  (2 m l), care being
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ta.ken to  exclude a l l  m oisture* The m ixture was s t i r r e d  a t  room 
tem peratu re  f o r  one and a. h a l f  hou rs , b u t th i s  appeared  to  have l i t t l e  
e ffe c t*  I t  was g rad u a lly  inarmed in  a  w ater ba th  under re f lu x . When 
th e  ba th  tem peratu re  was th e  6-APA began to  d isso lve*  Once i t
was a l l  d is so lv e d , 5 ml o f th e  chloroform  was d i s t i l l e d  o f f ,  ta k in g
ammonia w ith  i t .  Dry dioxane (5 ml) m s  added, A so lu tio n  o f 
t r i e th y  lamine ( 0 ,5 ^ )  in  dry  chloroform  (10 ml) was added, and th e  
s o lu t io n  was cooled  to  0°G, A nlsoyl ch lo rid e  (0 .94g) was dropped in .  
The m ixture was allow ed to  warm up to  room tem peratu re , b u t no 
p re c ip i ta t io n  occurred , ( ^ e c ip i 'b a t io n  o f t r i e th y  lam ine hydroch lo ride  
i s  evidence o f  r e a c t io n ,) The so lu tio n  was heated  to  Q under 
r e f lu x ,  th en  allow ed to  co o l. I t  was l e f t  to  s tan d  fo r  l6  hou rs.
A fte r  th i s  tim e , th e  s o lu t io n  Imd become deep re d , and some s o l id  M d
s e t t l e d  ou t on to p . The s o l id  was f i l t e r e d  o f f ,  and m s  id e n t i f i e d  as  
t r i e t h y lamine hydro c h lo rid e  by XR, To th e  re d  f i l t r a t e  m s  added a 
m ixture o f e th an o l (2 .5  ml) s,nd w ater (0 ,5  m l), A p re c ip i ta te  began to  
form , and a f t e r  10 minutes t h i s  was f i l t e r e d  o f f .  The f i l tra n te  was 
t r e a te d  w ith  sm all amounts o f a  50 % s o lu t io n  o f potassium  2 -e th y l-  
hexanoate in  b u ta n o l, which caused th e  form ation  o f  an  o ily  
p r e c ip i ta te .  A fte r  s e t t l i n g ,  th e  su p e rn a tan t l iq u id  was decan ted , and 
th e  rem aining o i l  was slmken w ith  a  sm all amount o f  ace tone . T his 
s o lu t io n  was f i l t e r e d  and added to  s e v e ra l  volumes o f e th e r . The 
r e s u l t in g  pa le  brown p r e c ip i ta te  was f i l t e r e d  o f f ,  washed w ith  e th e r  
and d r ie d  in  a  d ess ica ,to r over P^O^, Y ie ld  O .lg {5%)* TLG; n e u tra l  
sample -  1 s p o t, 0 .64; aged in  a lk a l i  -  1 s p o t, 0.44; aged in  
a c id  -  2 s p o ts , R ‘s 0 .64 , 0 .4 4 . I R : / /  a t  l ? 6o, I 65O, I 60O cm"^,
Nîffiî (so lv en t ace to n e -d ^ ); 1,575 ppm (s , -CSy ); 1 ,625 Ppm (s , -GH^); 
3 .8 5  ppm (s , -OGH_); 4 .275 Ppm (s , 0^); 5*70 ppm ( s ,  Cy^G^); 6 .9 7 5  ppm
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(d , phenyl); 7.925 Ppm (d , phenyl). Nî4Rs (so lv e n t D^O); 1,175 Ppm 
( s ,  "GK^)î 1 .6 0  ppm ( s ,  -GH^); 3.475 ppm (s , G^); 3 .9 0  ppm (s ,  -OGH^); 
5 .1 7 5  ppm (s , c y c ^ ) ;  7*10 ppm (d, pheny l); 7*925 Ppm (d, p heny l).
This spectrum  i s  c l ia r a c te r i s t ic  o f a  p e n ic i l lo ic  ac id s  ie  in  d is so lv in g  
th e  sample in  w a te r , th e  ^  -lactam  r in g  i s  q u ick ly  hydrolysed .
Benzylp e n ic i l l in  m ethyl e s te r .  An ic e -c o ld  s o lu tio n  o f 
p e n ic i l l in  potessium  s a l t  (0 .6 g ) in  w ater (25  ml) was a c id i f ie d  w ith  
10^ phosphoric a c id  to  pH 2, and e x tra c te d  w ith  e th e r  (3 x 20 m l).
The combined e th e r  e x tra c ts  were wa,shed w ith  ic e -c o ld  w ater (30  ml) 
and d r ie d  over sodium su lp h a te  in  the  co ld . To th e  d r ie d  s o lu tio n  
e th e r e a l  diazomethane"^ was added dropwise u n t i l  no fu r th e r  e v o lu tio n  
o f  n itro g en  was observed. The s o lu tio n  was then  evaporated  a t  room 
tem perature  on a  ro ta ry  ev ap o ra to r to  one q u a r te r  i t s  volume, benzene 
(50  ml) was added, and th e  rem aining e th e r  wa.s evapo rated . The benzene 
was removed by ly o p h i l is a t io n ,  and a v isco u s o i l  was lef'b  behind .
This c r y s ta l l i s e d  on rubb ing  w ith  hexane, and was then  r e c r y s t a l l i s e d  
from e th y l a ce ta te /h ex a n e . Y ie ld  0,4g (71^). Mp 89^0 ( l i t  90 -92).
3400, 3380 , 3340 , 1790 , 1770 , 1755 , 1740 , 1690 , 1675 cm"^. 
NMR; (so lv en t GDG1_); 1 .45 Ppm (d, -G iy); 3*65 ppm ( s ,  -GH^-); 3*775 
ppm (s, -OGK^); 4 .40  ppm ( s ,  G^); 5*575 PPm (q, G^); 5*725 ppm (d , G^); 
6 ,2 7 5  ppm (d, KH), 7.35  ppm ( s ,  pheny l).
Phenoxym ethy lpen icillin  methyl e s t e r . Phenoxymetl:Q’‘l p s n i c i l l i n  
f r e e  a c id  (o .5g) was d is so lv e d  in  methanol (10 m l), and an  e th e r e a l  
s o lu t io n  o f diOvZometbane was added u n t i l  no f u r th e r  re a c tio n  was 
observed. The so lv e n t was removed on a  ro ta ry  ev ap o ra to r a t  room 
tem peratu re . The o i ly  re s id u e  was taken  up in  m ethyl a c e ta te  and. 
r e p r e c ip i ta te d  in  hexane. No c ry s ta ls  were formed. A fte r  th e  o i l  had
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s e t t l e d ,  th e  so lv e n t was decan ted , th e  f i n a l  tr a c e s  being removed under 
reduced p ressu re  from an o i l  «pump. Y ie ld  0,45g (8 8 ^ ). ^ m a x  
3360 , 1785 , 17^5 . 1685 , 1600 cm"’-. HMR: (so lv e n t GDC1„); 1 .55  Ppm (s ,
1 .6 5  ppm ( s ,  -GH^); 3*775 Ppm (s ,  -OGH^); 4 .50  ppm (s ,  G^);
4 ,5 5  ppm (s ,  -OGHg-); 5*70 ppm (m, c y o ^ ) ;  6 . 9O ppm (m, phenyl);
7 .2 5  ppm (m, p h en y l),
Phem ^ldiazomethane, a )  By o x id a tio n  o f benzaldehyde hydrazone. 
H ydrazine hyd ra te  (30g, 99?^) was cooled in  an i c e - l a t h ,  and bansaldehyde 
(32g) was added dropw ise, th e  tem perature being m ain tained  below 4o^G* 
The a d d itio n  took p lace over I 5 m inutes, and th e  m ixture was th en  
s t i r r e d  fo r  a  f u r th e r  30 m inutes in  an  ic e - l a th .  A pa le  yellow  
p r e c ip i ta te  was formed. T his m s  e x tra c te d  in to  e th e r  (100 ml, 25 m l), 
washed w ith  w a ter (50  ml) and d rie d  over potassium  hydroxide. The 
e th e r e a l  s o lu tio n  was decan ted  o f f  and co n cen tra ted  in  vacuo a t  room 
tem peratu re . Y ie ld  30g ( 83^ ) ,  Tiiis benzaldehyde hyda?azone (3g) was 
suspended in  4o/60 p a tro l ,  and yellow  m ercuric oxide (5*5s) was added 
in  sm all p o r tio n s , th e  p re ssu re  baling re le a s e d  a f t e r  each a d d it io n .
The re a c tio n  m ixture was cooled  in  an ice« b a th  and s t i r r e d  f o r  2 hours. 
The so lu tio n  was th en  f i l t e r e d ,  and f i l t e r e d  ag a in  tlirough grade 5 
f i l t e r  paper. The f i l t r a t e  was evaporated  a t  room tem peratu re , le av in g  
a  re d  o i l  which was then  d is so lv e d  in  e th e r ,
b) From a z ib e n z i l ,  A z ib en z il was prepared  by th e  o x id a tio n  o f  benzil 
monohydraaone a s  f o l l o w s B e n z i l  (53g) was d isso lv e d  in  h o t 
e th an o l (100 m l). To th e  s o lu t io n  was added dropw ise, w ith  s t i r r i n g ,  
a  60^  so lu tio n  o f hydrazine hydra te  (21g), The hydrazone began to  
s e p a ra te  from th e  so lu tio n  after about 80^ o f th e  hydrazine liad been 
added. The s o lu t io n  was re f lu x e d  f o r  10 m inutes, th e n  cooled in  an
"35"
io e -M th . The w hite  crj^’s ta . l l in e  product was f i l t e r e d  o f f ,  washed 
l ib e r a l ly  w ith  e th an o l, and d rie d  ii i  an  oven below lOO^G* Y ie ld  54g 
(965^). Mp 146°G ( l i t .  149- 151 )* This hydrazone (30g) was mixed in  a 
m ortar w ith  yellow  m ercuric oxide (60g) and anhydrous sodium su lp h a te  
(15g). The m ixture was p laced  in  a  500 cm^ g la ss -s to p p e re d  b o t t l e  and 
covered w ith  anhydrous e th e r  (200 ml)* The m ixture was cooled in  an  
ic e -b a th ,  and a  co ld  s a tu ra te d  s o lu tio n  o f  potassium  hydroxide in  
e th a n o l (4 ml) was added. The m ixture was shaken f o r  I 5  m inutes. The 
r e s u l t in g  re d  s o lu t io n  was f i l t e r e d ,  th en  f i l t e r e d  again th rough grade 
5 paper, and th e  re s id u e  was washed s e v e ra l  tim es w ith  e th e r  u n t i l  th e  
washings were only  s l ig h t ly  co loured . The combined e th e r  e x tr a c ts  were 
th e n  f i l t e r e d  a g a in  tlirough a f re s h  paper. The s o lu t io n  was evaporated  
to  dryness a t  a w ater pump, bj»' h ea tin g  th e  f la s k  to  a  tem perature  not 
exceeding 4o°G. An orange c r y s ta l l in e  m a te r ia l rem ained. T his vras 
made up in to  a s a tu ra te d  s o lu t io n  in  anhydrous e th e r  a t  room tem p era tu re , 
and p laced  in  a  deepfreeze f o r  3 hours. The orange c r y s ta l l in e  
p re c ip i ta te  was f i l t e r e d  o f f  and d rie d  in  a  *mcuum d e s s ic a to r . Y ie ld  
l? g  (5 W *  Mp 70°G (lit.74). at 2060, 1610 cm“\  To
58prep9,re phenyldiazoraetlmne th e  a z ib e n z il  was f u r th e r  t r e a te d  a s  follows"^ , 
A s o lu tio n  o f  sodium hydroxide (4g) in  a  m ixture o f  w ater (7*5 ml) and 
m ethanol (50 ml) was added to  a s o lu tio n  o f  a z ib e n z il  (2 .7 % ) in  e th e r  
(6 2 .5  m l). The f la s k  was lo o se ly  s to p p ered  and allowed to  s ta n d  a,t 
room te m p e ra tu re 'fo r  4 ho u rs , during  which tim e th e  orange co lo u r o f 
a z ib e n z il  changed to  th e  re d  o f  phenyldiazom ethane. At th e  end o f  th e  
r e a c t io n  the  s o lu t io n  was f i l t e r e d ,  th en  t r e a te d  w ith  10^ aqueous 
sodium hydroxide ^50 m l). The s o lu tio n  sep a ra ted  in to  a, re d  ethereal 
la y e r  over a  yellow  aqueous layer. The e th e r  layer was separated and 
washed w ith  more o f th e  10^ sodium hydroxide s o lu t io n  (4 x 12 m l), th en
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d r ie d  over anhydrous sodium su lp h a te . This e th e re a l  s o lu tio n  o f  
phenyldiazoBietlmne may he used d i r e c t ly  fo r  b e n zy la tio n , o r  i t  may be 
f u r th e r  p u r if ie d  a s  f o l l o w s T h e  e th e r  i s  removed from th e  so lu tio n  
(h u t no t com pletely , o r th e  product i s  l i a b le  to  sjwnts-neously decompose) 
on a  ro ta ry  ev apo ra to r a t  room tem peratu re , and th e  o i ly  p roduct i s  
d isso lv ed  in  pentane. Contam inating by-products do no t d is so lv e  in  pentahe 
and can be f i l t e r e d  o f f .  The f i l t r a t e  ca.n th en  be washed w ith  m t e r .
E stim ation  o f phenyldiazom ethane was c a r r ie d  ou t a s  fo llo w s . The 
s o lu tio n  would be made up to  50 ml w ith  e th e r .  5 ml o f t h i s  s o lu tio n  
would be p laced  in  a  f l a s k  a long  w ith  a  weighed excess o f p -n itro b en z o ic
a c id . A vigorotfâ e v o lu tio n  o f  n itro g en  would ensue, w ith  th e  red co lo u r '-j
Id ia l l in g  alm ost im m ediately to  yellow . Once r e a c t io n  iras com plete, w a te r j 
would be added, and a few drof® o f  phen o lp h th a le in . The um reacted 
p -n itro b en zo ic  a c id  would then  be estim ated  by t i t r a t i o n  w ith  O.IM NaOH,
A second 5 ml sample o f  th e  s o lu tio n  would be h ea ted  g en tly  in  o rd e r 
to  decompose th e  phenyldiazom ethane which i t  co n ta in ed . The re s id u e  
would be coo led , w ater added, and th e  same w eight o f  p -n itro b en zo ic  a c id  
a s  be fo re . This s o lu tio n  would th en  be t i t r a t e d  a g a in s t  O.IM NaOH, The 
d if fe re n c e  between th i s  t i t r a t i o n  and the  p revious one in d ic a te s  th e  
number o f moles o f  phenyldiazom ethane p re sen t in  a  5 ml sam ple. T y p ica lly  
th e  y ie ld  from a z ib e n z il  i s  50^*
B enz\»-lpsnicillin  b e n ^ l  e s t e r .  An ic e -c o ld  s o lu t io n  o f  b e n zy l-  
p e n ic i l l in  potassium  salt (1 .4 % ) in  water (75 ml) was a c id i f ie d  w ith
• -IIC^ phosphoric a c id , and e x tra c te d  qu ick ly  in to  e th e r  (3 x 6o m l), The 
■^j
combined ether e x tr a c ts  were washed w ith  w ater . (100 ml) and d r ie d  over | 
aiiiiydrous soduim s u lp h a te . A f te r  f i l t e r i n g ,  th e  s o lu t io n  was co n cen tra ted  , 
a t  tlie  w ater pump to  25 ml. Phenyldiazomethane s o lu tio n  was added in  j
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sm all amounts u n t i l  no -.Purther ev o lu tio n  o f  gas m s  observed, and a  re d  
co lou r p e rs is te d  in  th e  m ix tu re . E ther was removed from th e  s o lu t io n  
a t  room tem peratu re  on a ro ta r y  ev ap o ra to r , and a  re d  o i l  was l e f t .  This 
was shaken v ig o ro u sly  w ith  hexane; whereupon th e  hexane became re d  and 
a yellow, o i l  sep a ra te d  out beneath  i t .  The so lv en t was decanted , and Ï
the  o i l  J was washed w ith  f r e s h  hexane. F in a lly  i t  was f r e e z e -d r ie d , J
Y ie ld  l ,2 g  (70^), I t  was n o t p o ss ib le  to  c r y s t a l l i s e  th i s  m a te r ia l .  1
TLG « one sp o t, ,70 , IR; a t  3300, 1780, 1745, l680, I 650 ciiT^,
NMR (so lv e n t CDGl^); 1 ,35 PPm (s ,  -CH^); 1 .4  ppm ( s ,  -G iy); 3*55 ppm
(s, 00-GHg-); 4,35 ppm (s, Gg); 5*15 PPm (s, -OGHg); 5*55 (m, 0^ 0^ ); j
6 ,4  ppm (d, Ml); 7*35 Ppm ( s ,  pheny l).
B e n z y lp e n ic illln  p -n itro b e n z y l ester"^ , B e n z y lp e n ic illln  potassium  3 
s a l t  (2 .4g ) was d isso lv ed  in  w ater (100 ml) and cooled  to  O^G, 10^  
phosphoric a.cid (10  ml) was added,, and th e  r e s u l t in g  p re c ip i ta te  was 
e x tra c te d  in to  e th e r  (3 x 80 m l). The combined e th e r  e x tra c ts  were washed ;
w ith  ic e -c o ld  w ater (150 m l), then  d r ie d  over anliydrous sodium su lp h a te . I1The e th e r  was>removed on a  ro ta ry  ev ap o ra to r, and th e  re s id u e  d is so lv e d  |
in  dimethylformamide (30  m l). T riethy lam ine (0 .8  ml) and p -n itro b e n z y l j
I
bromide ( l , 26g) were added, and th e  s o lu t io n  was s t i j r r e d  a t  room :j
1tem perature  f o r  two and a  h a l f  hours. The so lu tio n  was then  poured in to  i
ic e -c o ld  w ater ( I 50 m l), whereupon a w hite p r e c ip i ta te  was form ed. This |
was e x tra c te d  in to  e th y l a c e ta te  (2 x 50 m l). The combined e x tr a c ts  j
■iwere washed w ith  s a tu ra te d  sodium b icarb o n ate  s o lu t io n  (50 ml) and w ater |
(50  m l), and th en  d r ie d  over anhydrous sodium su lphate*  The s o lu t io n  
was co n cen tra ted  by ly o p h il is a t io n ,  and a  s t ic k y  o i l  was l e f t .  This was 
d is so lv e d  in  a  minimal amount o f e th y l a c e ta te ,  a.nd the  s o lu tio n  was 
poured in to  e th e r  (15  m l), A cloudy s o lu t io n  was formed, which was then
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dropped in to  hexane (?5 ml) , A w hite  suspension  formed, which a f t e r  a 
s h o r t  tim e coagu la ted  in to  a b lo b . This was removed from the  so lv e n t , 
and p laced  to  dry on an  ev ap o ra tin g  d ish . A fte r  a  s h o r t  tim e, th e  
substance could be crumbled in to  a f in e  w hite powder. I t  was washed 
w ith  hexane and d r ie d  in a i r .  Y ie ld  l,2 5 g  (4-2^), X^p 50^G. TLG -  one 
sp o t, 0 .7 2 . IR; p  ^^at 3300, 1?80. 174-0. l66o, l6oo 134-0, 845 onT^,
NMR; (so lv e n t CDGl^); 1 ,45 PPm ( s ,  1 .50  ppm (s , -GH^); 3*65 ppm
(s , GO-GHg-); 4 .40  ppm ( s ,  G^); 5*25 PPJn ( s ,  -OGH^-); 5 .6o  ppm (m, O V o^); 
6 ,40  ppm (d , NH); 7*25 ppm (s , pheny l); 7*50 ppm (d, p -n itro p h e n y l);
8 ,20  ppm (d , p -n itro p h e n y l) ,
Diphenyldiagoniethane. Benzophenone hydrazone was prepared  a s  
follows-^^c 99^  hydrazine  hy d ra te  (60g) and sodium hydroxide (60g) 
were p laced  in  a 250 ml f la s k ,  connected to  a  condenser, w ith  a  d ry in g  ^
tube a f f ix e d  to  exclude m o istu re . The f la s k  was h eated  in  an  o i l  l a t h  
to 113^0, and th e  tem perature  was main-tained w ith in  two degrees o f t h i s  
fo r  two hours. I t  was th en  r a is e d  slow ly to  150°G, and during  t h i s  p rocess 
th e  anhydrous hydrazine d i s t i l l e d  over. Y ie ld  3 3 * 5 8 , 1 1 6 ° G. T his 
anhydrous hydrazine m s  mixed w ith  bsnzophenone (30g) and ab so lu te  e th an o l 
(150 m l). The m ixture was re f lu x e d  for 20 h o u rs . On coaling ' in  ic e ,  
c o lo u rle ss  needles o f  th e  hyd3?azone sep a ra te d . These were f i l t e r e d  o f f  
and d r ie d . Y ie ld  2 3 . 4g (?2 ^). mp 9Ô°G ( l i t .  97- 98 ) .  This p roduct (5g) 
and yellow  m ercuric oxide (5»5s) were crushed to g e th e r  and added to  
p e tro l  4o/60 (25 m l). The f la s k  was immersed in  a  water b a th  e-t room 
tem p eratu re , and th e  m ixture was stirred f o r  s ix  hours. During t h i s  tim e 
th e  s o lu t io n  took on a  deei) p u rp le  co lour. The mercury was filtered o f f  
from th e  s o lu tio n , and th e  so lv e n t was removed a t  room temperature under 
reduced p re ssu re , A deep p u rp le  l iq u id  rem ained which s o l id i f i e d  on coo ling ,
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. B o n ay lp en lo illln  benhyd ral e s t e r , B ë n z y lp e n ic illin  potassium  s a i t  
(7g) was d isso lv ed  in  w ater (30 m l). This s o lu tio n  was cooled in  an  i c e -  
h a th , a c id i f ie d  w ith  2M and qu ick ly  e x tra c te d  in to  e th e r  (lOO m l).
A fte r washing w ith  w ater and d ry in g  over anhydrous sodium su lp h a te , th e  
e th e r  was evaporated  a t  room tem peratu re  under reduced p re s su re , u n t i l  
i t s  volume was only 20 ml. Diphenyldiazonietiiane was added in  sm all 
amounts to  19 ml o f t h i s ,  u n t i l  no fu r th e r  e v o lu tio n  o f gas w>as seen  and 
the  purp le  co lour p e r s is te d .  The rem aining 1 ml o f  p e n ic i l l in  s o lu t io n  
was th en  added, causing  th e  p u rp le  co lour to  d isap p ea r. The e th e r  was 
removed from th e  p roduct under reduced  p re s su re , and th e  o i ly  re s id u e  
was d is so lv e d  in  m ethyl a c e ta te  (25 m l). This s o lu tio n  was shaken w ith  
2M sodium 'bicarlx)nat© s o lu tio n  (50 m l), se p a ra te d , washed w ith  w ater and 
d rie d  over anhydrous sodium su lp h a te . On ev ap o ra tio n  o f th e  methyl a c e ta te ^  
th e re  rem ained ? . 2g o f  a  pa le  yellow  o i l  (74^)* P  a t  3300 , 1785* |  
1745, 1680, 1660 KMRi (so lv e n t GDGl^); 1 ,20  ppm (s , -GH^); 1,4-0 ppm ^
(s , -GH^); 3*60 ppm ( s ,  GO-GH^-); 4 ,50  ppm ( s ,  G^); 4 ,6 5  PPm (s , -OGH-);
5 ,6 0  ppm (m, c y C g ); 6 ,4 7 5  ppm (d , Ml); 7*325 Ppm ( s ,  pheny l),
6-a riiin o p sn ic illo ic  a c id . 6-APA (0,22g) was d isso lv ed  in  0.05M 
potassium  hy^dvoxide s o lu t io n , and l e f t  to  s tan d  f o r  s ix te e n  hours a t  room 
tem peratu re . Dui:ing th i s  tim e th e  pH dropped from 12,85 to  12*30, IM -
h y d ro ch lo ric  a c id  was added drop by drop u n t i l  th e  was 5* The s o lu t io n J
was then  ly o p h ilis e d , to  g ive  a f lu f f y  w hite re s id u e . Y ie ld  0 ,24g , (A 
m ixture o f  th e  d e s ire d  p roduct and potassium  c h lo r id e .)  TLG; one sp o t «
"'L
R^ ,2 4 , NMR; (so lv e n t D^O); 1,30 ppm (s , -GH^) 1 ,55  PPm (s , CH^); 1
3 ,6 5  ppm (s , Gg); 4 ,10  ppm (d , G^); 5 .2  ppm (d , C^).
B en z y lp e n ic illo ic  a c id . This was prepared by th e  same procedure a s
. J
•x/fQc
o u tlin e d  above, TLGs one s p o t, 0 .5 2 . NMR: (so lv e n t D^O); 1 ,25  Ppm
( s ,  -O iy ); 1 .6 2 5  ppm (s ,  “CH^)î 3 .7 0  ppm ( s ,  -GHg-); 3.50 ppm ( s ,  Og);
4 .8 2 5  ppm (d, C^)f 5 .3 5  ppm (d, GU); 7.35 Ppm ( s ,  pheny l),
P h e n y lp e n ic lllo ic  a c id . This was a lso  p repared  by th e  same
procedure, TLG{ one s p o t, R^ .48 . HMR; (so lv en t DgO); 1,175 Ppm (s ,
1 ,6 0  ppm (s ,  “CH^)î 3 .5 0  ppm (s ,  C^); 5*00 ppm (d , G^); 5 ,20  ppm (d , 0^ ) ;  
7 .575  ppm (m, phenyl); 7 .825  ppm (m, phenyl).
p -n it ro p h e n y lp e n ic il lo ic  a c id . This a lso  was prepared  by th e  same 
p rocedure. TLG: one s p o t, R^ .46 . HMR; (so lv en t D^O); 1,25 PPm ( s ,  -GH^);
1 .65  ppm (s, “GH^); 3*55 PPm (s , G^); 5 .05  Ppm (d , G^); 5.25 Ppm (d , G^)j
8 .1 0  ppm (d , pheny l); 8 ,4  ppm (d , p h en y l),
p^m ethoxyphenylpenicillo ic  a c id . See p -m ethoxypheny lpen icillin  
f o r  d a ta .
B en g y lpen illo lc  a c id . B e n sy lp e n ic illin  potassium  s a l t  ( ig )  
was d isso lv ed  in  vrater (250 m l), and IM hy d ro ch lo ric  a c id  (3  ml) was 
added. This s o lu t io n  was re f lu x e d  fo r  one and a  l ia l f  hours. A fterw ards, 
th e  w ater vfas removed on a  ro ta ry  ev ap o ra to r. The o i ly  re s id u e  was 
tak en  up in  10 ml o f b o il in g  w ater, and th e  s o lu t io n  s e t  a s id e  to  cool. 
A fte r  a few h o u rs , a  mass o f  w hite c r y s ta ls  was d ep o sited . Y ie ld  0,25g 
{Z5%). mp 110°G. TLCi one s p o t, 0 .5 1 . X&i J J  a t  3520, 3450, 
3200, 1670 , 1635 , 1600 cm"^. NI«i (so lv e n t DgO); 1 .275 Ppm ( s ,  -GH„)i
1 .6 2 5  ppm ( s ,  3.4^0 (q , HH-CHg»)) 3 .55  Ppm ( s ,  Ph-GH^); 3 .625 ppm
(a , Gg); 4 .7 5  ppm (q , C - ) j '7 .35 ppm (s , p heny l).
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P h e n y lp a n illo ic  a c id . P h e n y lp e n ic ill in  potassium  s a l t  (0 .3 g ) was 
d isso lv e d  in  0.05M potassium  hydroxide s o lu t io n  (24 ml) and a llow ed to  
s ta n d  a t  room tem perature  f o r  tliree  h o u rs . 2M h y d ro ch lo ric  a c id  (2  ml) 
was th en  added, and w ater (100 m l). This m ixture was re flu x e d  f o r  fom: 
h ou rs . Water was removed on a  ro ta ry  ev ap o ra to r, le av in g  an amorphous 
w hite s o l id .  This m s  washed w ith  ace tone , then  tak en  up in  a  minimum 
amount o f w a te r . . 2M h y d ro ch lo ric  a c id  was added to  th e  co n cen tra ted  
s o lu t io n ;  and th e  r e s u l t in g  p r e c ip i ta te  was f i l t e r e d  o f f ,  washed and 
d r ie d . Y ie ld  O.lg {%%). rap 210^0. TLG* one sp o t, 0 .57; NMR*
(so lv en t D ^O /K 2^3).i,4o  ppm ( s ,  -CH^); 1.70 ppm (s ,  -GH^); 3.60  ppm 
(s ,  Gjj); 3 .8 0  ppm (ra, -GH^-); 5 .0 0  (m, G^ )j 7*50 (ra, pheny l); 7 .70  ppm
(m, p h en y l). (Found G, 48 ,9 ; H» 5*^0; N, 8 ,1 0 . G^^i^gNpO^.HGl r e q u ire s  #
G, 50.83; H, 5 .79 ; N, 8 .4 %  The r a t i o  o f G*H:N i s  c o r re c t .  The sample
i s  contam inated w ith  potassium  c h lo r id e ,)
p -n itro p h e n y lp e n illo ic  a c id . p*»n itropheny lpen ic lllin  potassium  
s a l t  (0*3g) was d is so lv e d  in  w ater (25  ml) co n ta in in g  sodium hydroxide 
(O .lg ) . The r e s u l t in g  so lu tio n  was deep orange in  co lo u r. I t  was 
allow ed to  s tan d  f o r  tw enty hours a t  room tem p eratu re . The pH was th e n
-i
a d ju s te d  to  2 by dropw ise a d d it io n  o f IM HGl. T his s o lu tio n  was allow ed 1to  s tan d  a t  room tem peratu re  f o r  n ine days. I t  m s  th en  washed tw ice  j
w ith  e th e r  and ly o p h ilis e d . Y ie ld  0 .2g . TLG* one s p o t, 0 ,58 , RMR: ]
■Î(so lv en t DgO); 1 ,3 0  ppm ( s ,  «CH^); 1 .6 5  PPm ( s ,  ”GH^); 3 .^ 0  ppm (s ,  G^); j
3 .0 0  ppm (m, -GHg-); 5 .0 0  ppm (ra, G^); 8 .10  ppm (d , pheny l); 6 jK) ppm
(d, p heny l),
B e n sy lp a n illic  a c id " , B e n sy lp e n ic ill in  potassium s a l t  (5g) was
d isso lv ed  in  d i s t i l l e d  w ater ( I 30 m l). 5M HGl Vfas added dropT ise, w hile  the
«42*
s o lu tio n  was s t i r r e d ,  A/.gummy p r e c ip i ta te  formed and c o lle c te d  in to  a 
lump. The f3a.sk was s toppered  and l e f t  to  s tan d  a t  room temperature f o r  
24 hours. During t h i s  tim e a  mass o f w hite c ry s ta ls  formed in  th e  
s o lu tio n . These were f i l t e r e d  Off, washed w ith  w ater and w ith  a ce to n e , 
and d r ie d  in  a i r .  Y ie ld  0,4g (9 ^ ) , mp 180°G ( l i t ,  194), TLG* one 
sp o t, 0 , 36 . IRx ) J  ^^at 3300 , 1675 m u  (solvent D^o/k^GO^);
1 ,5 0  ppm ( s ,  -CH^); 1^525 Ppm ( s ,  -*GH )^; 3*80 ppm ( s ,  Gg); 4 ,10  ppm 
(s , -CHg“ )i 4 ,5 5  ppm (d , G^); 5*65 ppm (d, G^)| 7,35 Ppm ( s ,  p h en y l),
P h s n y lp s n ill ic  a c id , P h e n y lp e n ic ill in  potassium  s a l t  (120 mg) 
was d isso lv ed  in  w ater (2?  m l), and 3.M HGl s o lu tio n  (0 ,3  ml) was added.
The m ixture was allow ed to  sts,nd at room tem pem ture  f o r  3.6 h o u rs . A fte r  
t h i s  tim e, sodium b icarb o n ate  (25 mg) was added to  n e u tra l is e  th e  so3.ution, 
which was th en  ly o p h ilis e d . A w hite re s id u e  rem ained, TLG* 3 s p o ts , R ^ 's  
0 . 70 , 0 . 45 , 0 .2 0 , The re s id u e  was d isso lv e d  in  a t in y  volume o f m ethanol, 
and th e  s lu r ry  was spread  a long  20 cm o f  chromatography p la te  covered to  a  
th ic k n e ss  o f 0 ,5  mm w ith  s i l i c a  gel. A fte r  d ry in g , th e  p la te  was developed 
in  a  chroma tan k  w ith  a  m ixture o f «“b u tan o l, a c e t ic  a c id  and vrater (4*3.: 1) 
a s  s o lv e n t. The so lv en t was allow ed to  r i s e  l4  cm above th e  o r ig in a l  
sample l in e ;  and th i s  took fo u r  h o u rs , A fte r  drying, the  p la te  was 
d iv id ed  h o r iz o n ta lly  in to  5 mm s t r i p s ;  each s t r i p  was se p a ra te ly  scraped  
o f f  and c o lle c te d . Each sample' was th en  shaken w ith  methanol (5 m l), 
and each s o lu t io n  examined by TLG. The s o lu tio n  which gave on© sp o t a t  
R^ 0,20 were pooled, f i l t e r e d  from th e  silica and evaporated  a t  room 
tem peratu re . F in a l drying was accom plished in  a  vacuum d e s s ic a to r  over 
PgO^. ‘ Yield 5 mg. RMRx (so3.vent D^O); th e  spectrum  was acq u ired  over 
two hours, b u t the only d is c e rn ib le  peaks were a t  1.425 PPm ( s ,  «CH^);
1 .5 2 5  ppm ( s ,  -GH^) and 7.725 ( s ,  pheny l).
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P”H itro h ip p u rio  a c id ^^. G lycine (2 .51g) was d is so lv e d  in  a  j
l i t t l e  w a ter, and th e  s o lu tio n  was made s l ig h t ly  a lk a l in e  by th e  |
a d d itio n  o f co n cen tra ted  sodium hydroxide s o lu tio n  to  pH 9« p -N itro -  1
1benzoyl ch lo rid e  (6 ,86g ) vras added in  sm all amounts to  th i s  s o lu tio n  |
and s t i r r e d  u n t i l  i t  d isso lv ed . The re a c t io n  generated  a c id , which was I
n e u tra l is e d  by th e  a d d it io n  o f more KaOH s o lu tio n  a f t e r  each a d d it io n  j
o f  p -n itro b en zo y l c h lo r id e . When a l l  th e  ch lo rid e  had d isso lv ed  4
ijth e  s o lu tio n  was deeply  re d . I t  was mixed w ith  i t s  own volume o f cone,
HCl and i t s  own volume o f  e th e r .  The re d  co lo u r m s  ta.ken up by th e  
e th e r  la y e r ,  and a  w hite p r e c ip i ta te  appeared in  th e  aqueous la y e r .
The aqueous la y e r  was separa,ted and the  w ater evaporated  o f f .  The 
rem aining w hite re s id u e  was r e c r y s t a l l i s e d  from a  sm all ajnount o f  h o t 
wa.ter. Y ie ld  Ig  (15$g). Mp 129"o. IR*v^max 
1600, 1345 , 1300 , 870 cm“^ . (Founds G, 48 .1 ; H, 3 .51; N, 12 ,3 .
C^HgNgO  ^ re q u ire s  C, 48.22; H, 3 .40 ; N, 12,50^0
60 i2~Phenyl*4“ethoxym ethylene“ 5“‘Oxazolone . H ippuric  a c id  ( 7 .2g) ;
iand t r i e t h y l  orthoform ate  (og) were heated  f o r  1 hour under re f lu x  w ith  |
a c e t ic  anhydride (8 g ) . The s o lu tio n  very q u ick ly  took on a  deep re d  |
co lo u r. A fte r  r e f lu x in g , lo w -b o ilin g  by-products were removed by 4
hea tin g  on a  steam -bath  under reduced p re s su re . The rem aining m ixture i
s o l id i f i e d  on co o lin g . Ic e -c o ld  e th an o l (30  ml) was added, and th e  
s o l id  was s t i r r e d  up w ith  i t .  A pink re s id u e  rem ained a f t e r  f i l t e r i n g .
Tills was r e c r y s t a l l i s e d  from 80/1 0 0  p e tro l .  Y ie ld  3s (34^). Mp 91°G* 
^ '" ^ m a x  (so lv e n t GDGl^); 1 .45
ppm ( t ,  -C iy ); 4 .4 5  ppm (q, -CHg-); 7.45 ppm (m, phenyl, v in y l) ;  8 .10  
ppm (q , pheny l), (Found* G, 66 ,1 ; H, 5 .03; N, 6 . 5I .  
re q u ire s  G, 66.33; H, 5 .10 ; N, 6 .4 "^ )
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2”P-’N itrqphenY l4 '“*ethoxyFiethylen8“ *)“Oxazolone^^, p“N itro«  
h ip p u ric  a c id  (3 .1g) was mixed w ith  t r i e t h y l  o rthoform ate  (6 m l), 
a c e t ic  anhydride (12 ml) and e th y l  a c e ta te  (30 m l). This m ixture was 
re flu x e d  fo r  3 ho u rs , du ring  which tim e i t  became deeply re d . The 
m ixture was then  k ep t a t  5^0 f o r  l6  hours. The re d  p r e c ip i ta te  was 
then  f i l t e r e d  o f f  and r e c r y s t a l l i s e d  tw ice from e th an o l. Y ie ld  Ig
(28?S). Mp 164°C. I R :^ m a x  3500 , 1780, 1750 , 1670 , 1660 , 1340 , 860 ,
860 cm . KMRs (so lv e n t CDC1_); 1 .55  Ppm ( t ,  -GH^): 4 ,5 0  ppm (q , ~GHg-)j
7.50 ppm (s , v in y l) ;  8 ,25  PPm (q , pheny l), (Found G, 54 .6 ; H, 3 .71 ;
N, 10 ,6 . ^ 1 2 ^ 1 0 ^ 5  G, 54,94; H, 3*84; K, 10.
B en z y lp e n ic ille n ic  ac id ^^ . B e n z y lp e n ic illin  potassium  s a l t  i
(3*72g) was d isso lv e d  in  m t e r  (200 m l), and th i s  was mixed w ith  a  ;|
Is o lu tio n  o f m ercuric ch lo rid e  (3*26g) in  w ater (200 m l), A p r e c ip i ta te  j
1formed slow ly . The m ixture was l e f t  to  s tan d  fo r  4 hours a t  29°C. 11The . p e n ic i l le n ic  a c id  mercury m ercaptide was f i l t e r e d  o f f ,  washed j
w ith  w ater, and f i n a l ly  w ith  e th e r .  Y ield 6 ,4 g , The powder was |
s t i r r e d  w ith  benzene (200 ml) and w ater (50 m l), and cooled in  an  i c e -  |
b a th . gas was passed in  f o r  h a l f  an hour, and a  b lack  p re c ip i ta te  j
iwas formed. This was f i l t e r e d  o f f .  The l)enzene s o lu t io n  was washed i
w ith w ater, d r ie d  over anhydrous sodium su lp h a te  and ly o p h ilis e d , j
leav in g  a  w hite powder. Y ie ld  1 .3g  (39^)« a t  33^0, I 765 , |
1 -I1740 , 1725 , 1710, 1660 , 1645 cm"^. KMR; (so lv e n t DMSO-d^); 1.40 ppm; j
(s , -GH^); 1 .4 5  ppm (s , -GH«); 3 .8 5  Ppm (s ,  -GH^-); 7.30 ppm ( s ,  phenyl, j
v in y l) ,  UYî (so lv e n t e thanol)*  \  a t  322 nm, 21 , 100 , j
(s in ce  pure b e n z y lp e n ic ille n ic  a c id  has ^  ^ 26 , 600 , t h i s  m a te r ia l  1
-  ' n
must be 79^ piare. ) II
P h en y lp en lo illen lo  a c id , a )  Via mercury m ercap tide. Phenyl- i
4 5 “’
p e n ic i l l in  potassium  s a l t  ( l* 8g) was d isso lv ed  in  w ater (100  m l).
This s o lu t io n  was mixed w ith  a  s o lu tio n  o f m ercuric c h lo rid e  ( l , 6g) 
in  w ater (100 m l). This m ixture was allow ed to  s tan d  a t  room tem pera.ture 
f o r  24 hours, du ring  which tim e a  yellow p r e c ip i ta te  formed. This was 
f i l t e r e d  o f f  a t  th e  pump, m sh ed  w ith  ifa te r , th en  d r ie d  in  a  d e s s ic a to r  
over PgO^. Yie'ld l ,3 g .  The s o l id  was ground in to  a  f in e  powder and 
addded to  benzene (1Ô0 ml) and w ater (25 m l). The m ixture was cooled  
to  8 °C, and H^S gas was bubbled in  w ith  s t i r r i n g  f o r  h a l f  a,n hour, A 
b lack p r e c ip i ta te  formed, and was f i l t e r e d  o f f .  The yellow  benzene 
s o lu tio n  was washed w ith  w ater (30  m l), d r ie d  over anhydroi^ sodium 
sulphate and ly o p h ilis e d . A f lu f f y  yellow s o l id  rem ained. Y ie ld  0,15g 
(9^ ). TLG: 1 spot, 0,69. IR* 3340, 1725, 1640 om"^ ,
(so lv e n t GDGl^); 1 .2 0 ,)1 .3 0 , 1 .45 , 1 .75  Ppm (m ethyl resonances);
3 .80  ppm (m); ? .4 o , 7»90 ppm (phenyl re so n an ces), UV: (so lv e n t 
e th a n o l) ; \  a t  350 nm, (S '350“  24,500. (Found: G, 57 .6 ; H, 5 .3 3 ;
N, 8 .80; S. 7 .1 . G^^^^NgO^S re q u ire s  C, 56 .24; H, 5 .03 ; N, 8 ,?4 ;
8 , 10.01^ )
b) Via oxazolone,^^ 2~Phenyl-4-ethoxym ethylene«5“Oxazolone (0 ,5^g) 
e,nd D -penicillam iine ( 0 , 37g) were mixed w ith  dry p y rid in e  (90  ml) and 
t r i e th y  lam ine (4 m l). This m ixture W8,s h ea ted  in  a  via te r - b a th  a t  75*^ 0 
f o r  20 m inutes. The resu3 .ting  orange s o lu tio n  was ly o p h ilis e d  to  a  
gum, which was th en  d isso lv e d  in  chloroform  (75 ral). This s o lu tio n  was 
viashed w ith  2M phosphate b u ffe r  pH 1 .6  (75 m l), then  w ith  1 ,25  M 
phosphate b u ffe r  pH 5 (75 m l). A fte r  d ry ing  over anliydrous sodium 
s u lp h a te , th e  chloroform  s o lu tio n  was ly o p h ilis e d . The deep re d  o i l  
which rem ained was tak en  up in  m ethyl acetate (10  m l), and th e  s o lu t io n  
vras poured into hexane (60 m l), A re d  precipitate was formed which, 
a f t e r  f i l t e r i n g  and d ry ing , became orange. Yield. 0.47g (59^)* IR:
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P a t  3300, 1730 , 1640 CRi“ o^ M R i (so lv e n t GDG1_); I . 30 , 1 .40 ,DIc&X J/
1 , 50 , 1 .7 0  ppm (m ethyl resonances ); 7*5 » 7*9 Ppm (phenyl re so n an ces), 
UV; (so lv e n t e th a n o l) ;  \  a t  353 »m, <^353 “ 23,500. (For 
genuine p h e n y lp e n ic ille n ic  a c id , £  ”  2 4 ,3 0 0 ,)
p -N itrophenylp e n ic l l le n ic  a c id , p -N itro p h e n y lp e n ic illin  
potassium  s a l t  (0 . 8g) was d isso lv e d  in  m t e r  (30  m l), and th e  s o lu t io n  
was mixed w ith  a  s o lu t io n  o f mercury ch lo rid e  (0.54g) in  w ater (30  ml). 
The m ixture was allow ed to  s tan d  f o r  20 hours a t  5^0, d u ring  which 
tim e a re d  p r e c ip i ta te  formed. This was f i l t e r e d  o f f  and d r ie d . Y ie ld  
0,7g* Over th e  nex t 5 days, more s o l id  p re c ip i ta te d  from th e  so lu tio n . 
When th e  s o l id  was s t i r r e d  w ith  benzene (10 m l), some o f i t  d isso lv e d  
to  form a yellow  s o lu t io n , H^S had no e f f e c t  on th i s  s o lu t io n , nor 
had a lk a l in e  sodium n itro p ru s s id e  s o lu tio n , (Thus th e  m a te r ia l i s  no t 
a mercury m ercaptide, nor does i t  possess a  f r e e  -SH group. I t  i s  
suggested  th a t  th e  mercury c h lo rid e  has casued a  cleavage o f th e  
p e n ic i l l in  m olecule, and t t e t  t h i s  yellow  substance i s  a p e n i l lo -  
aldehyde ( l 6 )^^ . ) The u n d isso lved  s o l id  was added to  f r e s h  benzene 
(20  ml) and w ater (5  m l). When H^S gas was bubbled through t h i s ,  a  
b lack  p r e c ip i ta te  form ed; and th e  benzene la y e r  became yellow . A f te r  
f i l t e r i n g ,  th e  two la y e rs  were sep a ra ted ; th e  benzene was d r ie d  over 
anhydrous sodium su lp h a te  and ly o p h ilis e d . Y ie ld  20 mg (5 $ ). TLGs 
1 sp o t, 0 .68 . The substance gave a  purp le  co lou r on trea tm en t 
w ith  a l k a l i  and sodim i n i tro p ru s s id e  s o lu t io n , in d ic a tin g  th e  presence 
o f  a  f r e e  -SÏÏ group. NMR: (so lv e n t pr©0-d^); I .50  ppm (d ) ; 1.575 Ppm; 
3*80 ppm (m); 7*40 ppm ( s ) ;  8 .25  Ppm (ra), UV; (so lv e n t e th a n o l);
A max »ra, S  ^.qq "  10,700. In  HGl s o lu tio n  th e  maximum s h i f t s
to  378 nm, and th e  peak i s  observed to  d im in ish  w ith  tim e. (A uthen tic
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p -n i t ro p h e n y lp a n ic ille n ic  a c id  should  have A a t  400 run, w ith  
5zfOO “ 9 , 500 . In  HGl s o lu tio n  th e  maximum should  be 375 run,^
Bèngyloxycarbonyl-6-APA. 6-APA (l,0 8 g ) was d is so lv e d  in  w ater 
(25 ml) co n ta in in g  sodium b ica rb o n a te  ( 2 , lg )  and acetone (2 m l). The 
m ixture was cooled in  an ic e -b a th  and benzyl ohlooroformate (0 ,9g ) was 
added. This m ixture was s t i r r è d  v ig o ro u sly  fo r  2 hours, w hile being 
allow ed to  warm up to  room tem p eratu re . The m ixture was m shed  w ith  
iso b u ty l methyl ketone ( 2 x 6  m l). I t  wa>s then  cooled and a c id i f ie d  ' 
w ith  2M HgSO^. The r e s u l t in g  p r e c ip i ta te  was qu ick ly  e x tra c te d  in to  
iso b u ty l methyl ketone ( 20 m l). The o rgan ic  la y e r  was washed w ith  
w ater, d r ie d  over anhydrous sodium s u lp te te  and f i l t e r e d .  A s o lu t io n  
o f potassium  2-ethy lhexanoate  in  bu tano l ( 2 ml) was added, fo llow ed 
by e th e r  (70 m l), A w hite p r e c ip i ta te  formed and was allow ed to  s e t t l e .  
The e th e r  was decanted  and f r e s h .e th e r  was added. F in a lly , th e  
p r e c ip i ta te  was f i l t e r e d  o f f ,  washed w ith e th e r ,  ace to n e , then  more 
e th e r .  I t  was d r ie d  in  vacuo a t  70^0. Y ie ld  l . l g  (63^ ) .  Mp 205^0,
TLG: n e u tra l  sample -  1 sp o t, 0 ,70; aged in  a lk a l i  •» 1 sp o t, R^ "
0 . 4 ;  aged in  a c id  « 2 sp o ts , R „’s 0 ,70, 0 .4 *  IR: a t  4 7 0 ,X JilcAX
1770 , 1725 , 1600 cm~^. imts ( so lv e n t D^O); I .6 0  ppm ( s ,  -GH^); I .6 5  
ppm (s ,  -CH_); 4 .30  ppm (s , G^); 5*00 ppm ( s ,  -GHg-); 5*50 ppm (m,
O y c ^ ) ; 7*30 ppm ( s ,  p heny l). (Found: G, 4 7 .2 ; H, 4 .50 ; N, 6 ,87 ; 3
8 , 7*90 . G^^H^^gO^K.HgO re q u ire s  G, 4? .2 8 ; H, 4 .7 1 ; N, 6 . 89 ; 8 , 7 . 89^ )  j
Benzyloxycarbonyl-6-ÀPA benzyl e s t e r . 6“APA (2 .l6 g )  and sodium 
b icarb o n ate  (4 .2g) were d is so lv e d  in  w ater (50  ml) and acetone (5  m l).
The m ixture was coo led  in  an ic e -b a th , and benzyl ch loroform ate (2g) 
was added. The m ixture was s t i r r e d  v igo rously  f o r  2 hours w hile be ing
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allow ed to  warm up to  room tem p eratu re . The m ixture was washed w ith  
e th e r  (50 m l). I t  was then  coo led , ‘a c id i f ie d  w ith  2M H^80^  ^ and 
qu ick ly  e x tra c te d  in to  e th e r  (100 ml, 50 m l). The e th e r  was washed 
w ith  w a ter, dried over anhydrous sodium su lp h a te  and co n cen tra ted  in to  
20 ml. A so lu tio n  o f  phenyldiazomethane in  hexa,ne m s  added drop by 
drop u n t i l  no f u r th e r  e ffe rv escen ce  m s  observed and th e  re d  co lou r 
ï ^ r s i s t e d  in  th e  s o lu t io n . The so lv en t was then  removed on a ro ta ry  
ev ap o ra to r, leav in g  a th ic k  re d  o i l .  This was shaken w ith  hexane 
u n t i l  a l l  o f th e  re d  co lou r Viad gone in to  s o lu tio n , le av in g  behind a  
yellow  o i l .  This was d isso lv ed  in  a  sm all amount o f e th e r  and 
re p re c ip i ta te d  in  hexane. Y ie ld  2.5g (57%)• IR: ^ m a x  3330, 1?80, 
1740, 1715 cm"^. NMR: (so lv en t GDGl»); 1 .40 ppm (s ,  -GH^); I .60  ppm 
(s , -GH^); 4 .4 5  ppm (s ,  G^); 5 ,10  ppm (s , -GHg-); 5*15 Ppm (s , -GH^-);
5 .5 5  ppm (s ,  cy O g ); 7 .35  ppm (s ,  phenyl),
N-benzyloxycarbonyl-N-methyl-^-APA benzyl e s t e r . N - b e n z y l -  
oxycarbonyl-6-APA benzyl e s te r  (1 .66g) was d isso lv e d  in  dimethylformamide 1
( l4  m l). To th e  s o lu t io n  was added iodomethane (2 ml) and s i lv e r  *j
oxide (4 g ). This m ixture was s t i r r e d  a t  room tem peratu re  f o r  I 6 hours.
]At th e  end o f th i s  tim e the  s o l id  was f i l t e r e d  o f f  and washed w ith  more |
IDMP (14 m l). To th e  combined f i l t r a t e  was added chloroform  (100 m l). ■
A w hite p r e c ip i ta te  was formed a t  t h i s  p o in t ( s i lv e r  io d id e ) . This was
f i l t e r e d  o f f .  Y ie ld  0 .9 g , The chloroform  s o lu tio n  was washed w ith  i
w ater (4 x 50 ml) and d r ie d  over anhyds’ous sodium sulphate. I t  was
then  ly o p h ilis e d , leav in g  a  th ic k  yellow  o i l .  Y ie ld  0 ,7g  (4l% ), IR:
P  a t  1780 , 1740 , 1700 cm*" .^ NMR: (s è lv e n t GDCl  ^) ; 1 ,40  ppm (s ,  max ^
-GH^); 1 .6 2 5  ppm (s, -CH^)j 3*175 ppm (s , N-GH^); 4.475 Ppm (s , G^);
5 .1 5  ppm (s , -GH^-); 5*20 ppm ( s ,  -GH^-); 5*50 ppm (s , 0 ^0 ^ );  7*375
ppm (s, phenyl),
M etlw lation o f phenoxym ethy l'æ n ic illin . Phenoxym ethy lpen icillin  
f r e e  a c id  (0*35g) was mixed w ith  BMP (7 m l), iodomethane ( l  ml) and 
s i lv e r  oxide (2g), This m ixture was s t i r r e d  a t  room tem perature  f o r  
16 hours. I t  was th e n  f i l t e r e d ,  and the  re s id u e  was washed w ith  f r e s h  
DMI<' (8 m l). To th e  combined BMP f i l t r a t e  chlorofosrm ( 25 ml) was 
added, and th e  r e s u l t in g  vihite p re c ip i ta te  was f i l t e r e d  o f f .  Y ie ld  
0 ,l6 g , The chloroform  was removed on a  ro ta ry  ev ap o ra to r, e,nd th e  
Dî# was then  removed under reduced  pressure from an oil-pum p. A 
yellow o i l  rem ained. IR: 1780, 1740, 1?65 om"^. NMR: (so lv e n t GDGl ); 
the  most prominent peaks were th o se  a sso c ia te d  w ith  N -m e th y lp sn ic illin  
V methyl ester; ie 1.475 ppm ( s ,  -GH^); 1.575 Ppm (s , -GH^); 2.975 Ppm 
( s ,  N-GH^); 3.775 ppm (s, 0-GH^); 4.475 PPm (s, G^); 4 ,625  ppm ( s ,
-G H g-,* ) ; 5 .70 ppm (q , G^O^, *  ) ; 6 .95  Ppm (m, phenyl); 7.30 ppm 
(m, p heny l). Those peaks marked ^  were only h a l f  a s  in te n se  a s  th ey  
should have been; and th e  spectrum  contained  many o th e r peaks; ie  
1.40 (s); 1.65 (s); 1.90 (s); 2.00 (s); 2.05 (s); 2.20 (t); 3.075 (s); 
3.125 (s); 3.275 (s); 3*70 (s); 4.825 (s); 8.00 (s). It is concluded 
th a t  50 % o f th e  p roduct i s  N -m e th y lp en io illin  V methyl e s t e r ,  w hile 
the  o th e r  50 ^  i s  a substamce a r i s in g  from a t ta c k  o f  th e  m ethyls t in g  
agen t a t  th e  ^  -lac tam  n itro g en .
Attempt s  to  remove protecting groups from N“b e n ^ lo )g c a rb o iw l-  
6-APA benzyl ester, a ) By hydrogenation in  a b a s ic  medium.^ N-benzyl» I 
oxycarbonyl-6-APA benzyl e s te r  (2 .5 g ) was d is so lv e d  in  methanol (100 ml) 
and w ater (25 m l). Sodium b ica rb o n a te  (0 .5g ) a,nd IC# Pd/C (2.5s) was 
added, and the  m ixture was shaken in  an atm osphere of hydrogen (40 p s i )  
f o r  3 hours a,t room tem peratu re . The e q u iv a len t o f  one molecule o f
1
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hydrogen was taken  up . The m ixture m s  f i l t e r e d  from th e  c a ta ly s t  and
ly o p h ilis e d . An o i ly  suhstomce was l e f t ,  which became c r y s ta l l in e  on |
:js c ra tc h in g  w ith  e th e r .  Y ield  0»55g (28^). TLCt 3 sp o ts ; 0 .66 ; v
*1 ît0.53, 0.58. IRfyZ/ at 1685, 1590 om""^ . NMR: (solvent D_0); 1.25 j
ppm (s ,  -GH^); 1.55 PPm (s ,  -GH^); 3.55 Ppm (s, G^); 3 .70  ppm ( s ,  «OGH^); |
5.10 ppm (s, -GHg-); 5 .1 5  ppm (m, GVo^); 7*35 Ppm (s ,  phenyl); 7 .5  Ppm
(8 ) . . I
b) By hydrogeïiation in  an a c id ic  medium^^. Benayloxycarlx)riyl-6-APA ■i
benzyl e s te r  was mixed w ith  methyl a c e ta te  (40 m l), methanol (40 m l),
IM HGl (5 ml) and 5% P d /G ( 2 , lg ) ,  The m ixture was shaken w ith  hydrogen 
(45 ïB i)  f o r  2 hours a t  room tem p era tu re . The s o lu t io n  was th en  j
f i l t e r e d  from th e  c a ta ly s t ,  and triet^iyDamine (4 .3  ml) was a.dded. The
■S:
so lv en t was removed by ly o p h i l is a t io n . The re s id u e  was shaken w ith  j
i
e th e r  (50 m l). The s o lu t io n  was f i l t e r e d  and allow ed to  ev ap o ra te , j
leav in g  an o i ly  d e p o s it .  TLG: 1 s p o t, 0 .68 . NMR: (so lv e n t GDGl^); 
1.10; 1.175; 1.125; l.375*;1.50; 1.55*; 2.90; 3.625; 3.70; 3.775;
4.45:)^; 5,10#; 5.1 5 ;^ 5*50-^ ; 5.825; 7.35#* This spectrum contains 
the peaks of the starting material (^ <=), along with many more.
Removal of protecting group from N-ben^losgrcarbonyl-d-APA,
a) Hydrogenation in a basic medium. N-benzyloxycarbonyl~6-APA was 
treated in the same way as its benzyl ester. The spectre, of the product
were identical with those of'the'product from the ester.
b) Hydrogenation in an acidic medium, N-benzyloxycarbonyl-6-APA was
treated in the same way as its benz)''! ester. The spectra of the
paroduct were identical with those obtained by hydrogenation in the 
basic medium.
...
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Removal of protecting group from N-benzyloxycarbonyl-N-methyl-
6-APA benzy l  e s t e r .  N-benzyloxycarbonyl-N-methyl-6-APA benzyl e s t e r  -  '
(2g) was d isso lv ed  in  mèthanol (100 ml) and w ater (25 m l). To th e  |iso lu tio n  was added sodium b ica rb o n a te  (0*5&) &nd 10^ Pd/G (2g), The |
m ixture was shaken w ith  hydrogen (40 p e l)  f o r  3 hours a t  room tem p era tu re , |
IThe s o lu tio n  was th en  f i l t e r e d  from th e  c a ta ly s t  and im m ediately |
1ly o p h ilis e d . The re s id u e  was t r e a te d  w ith  2M H^SO^, and qu ick ly  |
e x tra c te d  in to  e th e r .  This so3.ution was washed w ith  w a ter, d r ie d  over
anhydrous sodium su lp h a te  and evaporated , IRt a t  1780, 1750»
1700 cm**^ ', NMR: (so lv e n t D^O/K^GO^); I .50  ppm ( s ,  -GH^); 1 ,6 0  ppm ( s ,  
-GH^); 3*025 ppm (s ,  N-GH^); 4 ,3 5  ppm (s , Gg); 5 ,10  ppm ( s ,  -GH^-);
5 .5 0  ppm ( s ,  GVO^); 7.325  ppm ( s ,  phenyl).
E f fe c t  o f t r i f lu o r o a c e t i c  a c id  on 6-APA, 6-APA (220 mg) was■ iiir>,irinnniiiw iwiiii i i  , -iiiii,n-ir i n, - r>T nm .i Trm m . », imnrw ,i m nrnp, un u iWTiumi i w—m c iiimir riir r irtrT in  '  '
suspended in  benzene (5  ml) and t r i f lu o r o a c e t ic  a c id  (5  ml) was added. 
The m ixture was shaken u n t i l  a l l  o f th e  s o l id  d is so lv e d , g iv ing  a 
yellow  s o lu tio n , and was th en  im m ediately ly o p h ilis e d . A fte r a l l  o f 
th e  so lv en t was removed, th e  re s id u e  was d isso lv ed  in  1% aqueous 
t r i f lu o r o a c e t ic  a c id  (5 m l). This a lso  was ly o p h ilis e d  o f f .  F in a lly ,  
th e  re s id u e  was c r y s ta l l i s e d  from methyl a ce ta te /h ex a n e . Y ie ld  200 mg, 
TLG: 4 sp o ts ; R ^ 's  0 ,30 , 0 .4 3 , 0,51» O.6O. NMR: (so lv e n t D^O); 1,25 
ppm ( s ) ;  1 .6 0  ppm (d ); 3.475 ppm (d ); 4.25 Ppm (t); 4.425 ppm (d );
5 .0 5  ppm (q ).
E f fe c t o f  t r i f lu o r o a c e t i c  a c id  on N -benzyloxycarbonyl-6-APA. 
Benzyloxycarbonyl-6-APA (350 mg) was suspended in  benzene (5 ml) and 
t r i f lu o r o a c e t ic  a c id  (5  ml) was addêd. The m ixture was shaken u n t i l  
a l l  o f  th e  s o l id  had di.sso lved , and was th en  im m ediately ly o p h il is e d .
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The re s id u e  was d isso lv e d  in  m ethyl a c e ta te  (2 ml) and the  s o lu t io n  
was added to  hexane (2 m l). The r e s u l t in g  w hite p r e c ip i ta te  was 
f i l t e r e d  o f f  and washed w ith  hexane. Y ie ld  120 mg* Mp 152^0, TLG:
1 s p o t, R_ O*53o IR: a t  1730 cm"^. NMR: (so lv e n t B„0/lûCK3^)?
1.5P ppm ( s ) ;  1 ,55  ppm ( s ) ;  4 ,2 5  Ppm ( s , O^); 4 .25  PPm (d, G^); 5 .50  
ppm (d , G^)j 7o4o ppm (s ,  benzyl a lc o h o l) . (Found: G, 46 ,7 ; K, 4 ,8 6 ; 
N, 9 .0 0 , G^H^gNgO^ re q u ire s  G, 41,53; H, 4 .6 5 ; N, 10.7$^
G^H^pN^O^S.0,4Gy[ig0 re q u ire s  G, 46,96; H, 5*04; H, 9*23^) In  an  
a ttem p t to  remove th e  “te n z y l a lco h o l from th e  sam ple, the  p roduct 
was r e c r y s t a l l i s e d  5 tim es from c h lo roJ pk/B» NMR in d ic a te d  tïfâ t  no 
benzyl a lco h o l was l e f t .  (Found G, 4 o ,2 ; H, 4 .4 8 ; N, 10.3 .
^9^12^2°f  IGHG1» re q u ire s  G, 40 .15; H, 4 .48 ; N, 10.29^)
E ffe c t o f TFÂ on benzyloxycarbonyl-6*»APA benzy l ester, A 
s o lu tio n  o f th e  e s te r  (220 mg) in  e th e r  (1 ,5  ml) was added to  benzene 
(5 ml) and TFA (5 ml) was added. The s o lu t io n  i n i t i a l l y  became b r ig h t  
g reen , b u t a f t e r  a  sh o r t w hile  i t  re tu rn e d  to  yellow . The s o lu t io n  
was ly o p h ilis e d , and th e  r e s u l t in g  o i ly  re s id u e  c r y s ta l l i s e d  from 
m ethyl a ce ta te /h ex a n e . Y ie ld  74 mg. Mp 92°G. TLG: 1 sp o t, R^ 0,65* 
IR:i/„^^, at 3320, 1730 cm"^. NMR: (so lv e n t GDG1_); 1 ,35 Ppm (s, -GH^);JT19.X ^ J?
1 ,5 0  ppm (s , -GH«); 4.35 ppm (s , G^ ); 4 ,6 5  PPm (s, G^); 5,20 ppm ( s ,  
-GHp-); 5 .8 0  ppm ( s ,  G^); 7 .05 ppm (s ,  GO^H); 7*40 ppm (s , pheny l);
9.45 ppm (s, NH). (Found; G, 55.7; H, 5.33; N, 7*50.
re q u ire s  G, 54.85; H, 5 .1 8 ; N, 8,0Q^ ^16^18^2^,^. 0 .12G^gO r e q u ire s
G, 55.66; H, 5.25; N, 7.71^) ' .
C H A P T E R  T HRE E
K I N E T I C  S T U D I E S  OF 
T H E  R E A C T I O N S  OF 
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INTRODUCTION
Th:e p r in c ip a l  o b je c tiv e  o f th i s  p ro je c t  has been to  s tu d y  th e  
r a t e s  o f r e a c t io n  o f p e n ic i l l in s  w ith  a c id s  and b a se s . E ffe c ts  o f 
a l t e r in g  th e  s id e -c h a in  liave been in v e s t ig a te d , a lo n g  w ith  iso to p e  
e f f e c t s  and e s te r i f ic a , t io n  e f f e c t s ;  and a p ic tu re  o f  th e  o v e ra l l  scheme 
o f  re a c tio n  has been b u i l t  up. The re a c t io n s  in  a lk a ,lin e  s o lu t io n  have 
been s tu d ie d  b r i e f ly ,  and th e se  r e s u l t s  a re  re%)orted f i r s t  in  t h i s  c h ap te r. 
R ather more a t t e n t io n  has been given  to  re a c tio n s  w ith  d i lu te  e,cid; 
f i r s t l y  because th e se  a re  more com plicated; secondly because th ey  a re  
more re le v a n t to  th e  b io lo g ic a l  a c tio n  o f p e n ic i l l in .  S trong ly  a lk a l in e
1s o lu tio n s  a re  u n lik e ly  to  be encountered by th e  a n t ib io t ic s  in  th e  body; j
b u t th e  stomach lias a  pH o f  ca . 2,7# For th i s  re a so n  i t  i s  e s s e n t ia l  |
I
t h a t  th e  a c t io n  o f  a c id  i s  w e ll understood , p a r t ic u la r ly  fo r  th o se  I
p e n ic i l l in s  designed  fo r  ora.l a p p lic a t io n . The second s e c tio n  o f  th i s  
cha,pter deals  w ith  re a c tio n s  o f  b e n z y lp e n ic il l in  in  a c id . As re p o r te d  
in  Gha-pter 1 , much work has been done here b e fo re . Now, o ld  and new 
r e s u l t s  have been combined to  g iv e  a, u n if ie d  comprehensive re a c tio n  
scheme. The th i r d  s e c t io n  d ea ls  w ith  the  r e a c t io n  in  a c id  o f  p h en y lp en ic ill!  
in s ,  and d iscu sses  th e  e x te n t to  which th e se  p a r a l l e l  th e  e f f e c t s  discovered} 
in  th e  case o f b e n z y lp s n ic i l l in .
The r a te s  o f  r e a c tio n  have in  a l l  cases been measured bjr means 
o f  u l t r a v io le t  spec tro scopy . The in strum ent used f o r  t h i s  was a 
Pye-Unicam SP8-100, a  h ig h ly  s e n s i t iv e  instrum en t whose f u l l  sca le  
absorbance range may be s e t  as low as  0.05 absorbance u n i t s .  The 
instrum ent i s  equipped w ith  a  th e rm o s ta tic a lly « c o n tro lle d  c e l l -h o ld e r
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and an immersib le  therm ocouple which g ives a d i g i t a l  tem peratu re  re ad o u t 
c o r re c t  to  0.1^0, As we'll as g iv ing  complete s p e c tra ,  th i s  in s tru m en t 
reco rd s  opticaJ. d e n s ity  a s  a fu n c tio n  o f tim e , e i th e r  con tinuously  o r 
at d is c r e e t  pre-set time in te r v a ls .
. The procedure adopted f o r  th e  k in e t ic  experim ents i s  a s  fo llow s.
The d e s ire d  r e a c t io n  medium (2*4 ml) i s  p ip e tte d  in to  a  s i l i c a  c u v e tte , 
and allow ed to  warm up to  th e  a p p ro p ria te  tem p era tu re . The p e n ic i l l in  
to  he s tu d ie d  i s  p repared  a s  a  s o lu tio n  in  e i th e r  w ater o r e tha,nol, 
w ith  a co n cen tra tio n  twenty-five tim es g re a te r  than i s  re q u ire d  f o r  the  
r e a c tio n  to  show th e  optimum absorbance d if fe re n c e . This co n cen tra ted  
s o lu tio n  (0 ,1  ml) i s  p ip e tte d  in to  the pre-heated re a c t io n  medium, and 
th e  instrum ent i s  s e t  to  re c o rd  th e  changing o p t ic a l  d e n s ity . C onditions 
a re  chosen such th a t  a l l  r e a c t io n s  a re  psuedo-f 1 rs t - o r d e r  w ith  r e s p e c t  
to p e n ic i l l in ,  and th e  ra te « c o n s ta n ts  a re  e lu c id a te d  by p ro cessin g  th e  
experimentaJ. data by th e  method o f Swinbourne^^ (Appendix 1).
Most o f  th e  r e s u l t s  p resen ted  here  have been ob ta ined  by observ ing  
the appearance o f  one p a i 't ic u la r  rea^ction product, r a th e r  than  th e  
disappeara.nce o f  the p e n ic i l l in  i t s e l f .  D espite  t h i s ,  and d e sp ite  the  
fact t h a t  th e re  i s  alm ost in v a r ia b ly  more th an  one p roduct formed, th e  
rate co n stan t which i s  c a lc u la te d  r e f e r s  to  th e  t o t a l  re a c tio n  o f  th e  
p e n ic i l l i n ,  and n o t ju s t  to t h a t  f r a c t io n  o f  i t  which g ives r i s e  to  th e  
p roduct under s tu d y ( A p p e n d ix  2 ) ,
The p5î v a lu es  o f th e  b u f fe r  s o lu tio n  were measured on a  Beckman pH 
m eter, u sing  a  g la s s  e le c tro d e , pD v a lu es  of d e u te r ia te d  b u ffe rs  were 
measured on th e  same in s tru m en t, w ith  0 ,4  being added to  th e  m eter read in g
P h — C H — c — N C H 3
NH CH
a mp i c i l l i n
P h  — CH NH
H N C H
( 4 2 1
C HHN
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REACTIONS IN ALKALI
The a c tio n  o f  a l l t a l i  on p e n ic i l l in  lead s  to  a  cleavage o f th e  
P  «lacta.m r in g  and fo rm ation  o f  th e  p a n ic i l lo ic  a c id  (25 ). The p roducts  
o f th e  base-lnactivatlon o f a number o f p e n ic i l l in s  have been In v e s tig a te d  
TLG and NMR (see  Chapter 2 ) ; th e  conclusion  in  a lm ost a l l  cases i s  
t h a t  th e  p a n ic i l lo ic  a c id  i s  th e  only p ro d u c t, and th a t  i t  does n o t r e a c t  t
f u r th e r  w ith  th e  a l k a l i .  The excep tion  to  th i s  ru le  was a m p ic il l in  (3 e ) , 
When i t s  re a c t io n  in  a lîç a li  was examined by, U¥, i t  was found tlm t th e  
ab so rp tio n  a t  230 nm a t  f i r s t  decreased, b u t a f t e r  a  tim e in c reased  a g a in , 
which i s  no t u su a l w ith  p e n ic i l l in s .  A m p ic illin  i s  known to  undergo a 
v a r ie ty  o f changes no t c h a r a c te r i s t ic  o f  p e n ic i l l in s  in  g en e ra l; eg i t  can 
p o ly m erise '^ , and can rea rran g e  to  s t ru c tu re  (41)^ .^ I t  i s  c le a r  t h a t  
th e  e x tra  prim ary amine group causes th e  re a c t io n  o f a m p ic i l l in  to  be 
more th an  u su a lly  com plicated.
N either p e n ic i l l in s  nor p a n ic i l lo ic  a c id s  have p a r tic u ls .r ly  
d is t in c t iv e  W s p e c tra ;  and th e  o p t ic a l  d e n s ity  changes caused by 
transfo rm ing  one in to  th e  o th e r  a re  fo r  th e  most p a r t  s l i g h t .  For th i s  
reaso n , a study  such as  th i s  one would have proved extrem ely d i f f i c u l t  
up u n t i l  r e c e n tly , before  th e  adven t o f high-sensltivity spec tropho tom eters .
In  ta b le s  1 - 4  a re  l i s t e d  th e  r a t e  co n stan ts  measured f o r  th e  
re a c t io n s  o f benzyl p e n ic i l l in  and phenoxym ethy lpen ic lllin  a t  3C^G, where 
th e  io n ic  s tre n g th  o f th e  b u f f e r  s o lu tio n s  was 0.2M. Also reco rd ed  a re  
th e  r e s u l t s  fo r  th e  m ethyl e s te r s  o f  these su b stan ces . For the  p e n ic i l l in s , , ;  
th e  decrease in  absorbance a t  235 was measured; f o r  th e  e s te r s ,  th e  
in c re ase  in absorbance a t  300 nm was used. A ll o f th e  experiments gave 
good first-order plots. In  figure 1, the r a t e  constants a re  p lo t te d  *
against the co n ce n tra tio n  of hydroxide ion. For each substance , th e  points
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l i e  on a s t r a ig h t  l in e  passing  through th e  o r ig in .  The g ra d ie n t o f th i s  
l in e  ca.n be taken  a s  th e  second-o rder r a te  co n stan t f o r  th e  r e a c t io n  o f th a t  
substance w ith  a l k a l i .  In  a l l  fo u r cases th e  r a te s  fo llow  th e  r e la t io n s h ip ;
“  kg I OH" ]
The voulues o f kp a re  summarised in  ta b le  5*
Table 1 , R eaction  o f  b e n s y lp e n io il l in  w ith a l k a l i  a t  30° G,
pH
12.70 1137 11.15 28.9
12 .60 836 10.95 2 0 .5
12.40 494 9 .84 1 .4 5
11.90 149
bion o f phenoxym ethy lpen ic illin w ith  a l k a l i  a t  30° G,
pH
12.56 1094 1 2 .0 7 379
12.49 1030 11.66 149
12.38 773 11.59 132
12.21 593 11.46 96 .3
bion o f b e n s y lp e n ic i l l in methyl e s t e r  w ith  a llc a li  a t
pK pH .
11.82 3964 11.46 1714
11.66 2779 11 .38 1429
11.59 2482 11.20 951
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Table 4. R eaction  o f phenoxym ethy lpen ic illin  methy( e s te r  w ith  alkali a t  
30°C
pH pH
11 .82 5265 11.46 2442
11,66 3393 11 .38 I 889
11,59 2774 11 .20 1351
Table 5« Second-order ra.te co n stan ts  f o r  re a c tio n  w ith  a lk a l i  a t  30°C.
Substance k^/M .1-1
B eiiK y lpen ic illin  0 .1 5  j; 0 ,02
-  methyl e s t e r  4.05 ^  0 ,25
P henoxym ethy lpen icillin  0 ,21 + 0,03
-  m ethyl e s te r  5#20 + 0 ,5 0
The two p e n ic i l l in s  s tu d ie d  here  a re  found to  have f a i r l y  s im ila r  
r a te s  o f h y d ro ly s is  in  a lk a l in e  s o lu t io n s .  This i s  in  marked c o n tra s t  
to  t h e i r  behaviour in  a c id ic  s o lu t io n s , where b e n z y lp e n ic i l l in  r e a c ts  
some t h i r t y  tim es f a s t e r  th a n  phenoxym ethy lpen ic illin . I t  i s  suggested  
t h a t ,  in  a lk a .l i ,  th e  r e a c t io n  mech9.nism invo lves a ra te -d e te rm in in g  
a t ta c k  o f hydroxide io n  on th e  p e n ic i l l in ,  as d esc rib ed  e a r l i e r  (scheme 3 , 
page 9)« Both the  r e a c ta n ts  a re  an io n s , and th e  in te rm ed ia te  th e re fo re  
c a r r ie s  a double negative  charge. E s té r i f i c a t io n  removes one o f  th ese  
negative  ch arg es , thus making the  in te rm ed ia te  easier to form. I t  i s  f o r  
t h i s  reason  th a t  th e  e s te r s  r e a c t  co n sid erab ly  f a s t e r  than  th e  p e n ic i l l in s  
them selves. I f  th i s  mechanism i s  c o r re c t ,  th e re  i s  no reaso n  why th e  
s tru c tu re  o f th e  s id e -c h a in  should  have a g re a t in flu en ce  on th e  reactivity J  
s in ce  i t  i s  r a th e r  remote from the  re a c t io n  c en tre  “ th e  ^  -lac tam  ring.
“58-
• ’ For th e  above experim ent th e  stock  co n cen tra ted  so lu tio n s  o f  
p e n ic i l l i n  s a l t  were made up in  w ater, and th e  e s te r s  in  e th an o l. I t  was 
n o ticed  th a t  i f  a  s o lu tio n  o f th e  p e n ic i l l in  f r e e  a c id  in  ettm nol were 
used th e  r a te  c o n s ta n t o b ta ined  was s l ig h t ly  h igher th a n  f o r  the  aqueous 
so lu tio n .. I f  methanol was th e  so lv e n t, th e  r a te s  were considerab ly  
h ig h e r. This e f f e c t  i s  i l l u s t r a t e d  in  ta b le  6 , f o r  re a c tio n s  o f 
phenoxym ethy lpen ic illin  a t  30°C,
Table 6 . E ffe c t on re a c tio n  o f  pheno^cym ethylpenicillin o f vary ing  
i n i t i a l  so lv en t {jvfo o f t o t a l ) .
so lv e n t
pH 12.62 pH 12.25 pH 11.82icvw wiBiiM ffiw i— ■! »iiim
w ater 1352 657 214
e th an o l 1582 845 309
methanol ' 3238 1572 877
REACTIONS OF BENZYLPENICILLIN WITH DILUTE ACID
A p re lim inary  d iscu ss io n  o f th e  p roducts which a r i s e  from th e
I t  i s  d i f f i c u l t  to  accoun t fo r  th i s  e f f e c t  in  a  very  s a t i s f a c to r y  
way. The co n cen tra tio n  o f m ethanol in  the  b u ffe r  i s  4^ , o r oa. IM, and 
somehow t h i s  i s  c a ta ly s in g  th e  r e a c t io n ,  Presuj/iably i t  does so by 
low ering th e  f re e  energy o f th e  t r a n s i t io n  s t a t e  r e l a t i v e  to  th e  r e a c ta n ts .  
I t  may, f o r  example, d is ru p t th e  h igh ly  o rg an ised  so lv a tio n  s t ru c tu re  
o f th e  in te rm e d ia te .
_ léSÀ
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r e a c t io n  of 'b sn z y lp sn ic i ll in  w ith  a c id  has been given in  Chapter 1 . I t  
i s ,  however, im portan t to  know a ls o  the  r e l a t i v e  p ro p o rtio n s  in  which 
th ese  products occu r; and, where in te rm ed ia te s  are invo lved , th e  o rd e r  
in  which they appear. This i s  a  complex s u b je c t ,  because th e  r e l a t i v e  
p ro p o rtio n s  o f each product change w ith  th e  pH o f  th e  re a c tio n  medium.
I t  was re p o rte d  e a r l i e r  th a t  when b e n z y l j^ n ic i l l in  i s  aged in  a c id  
a t  pH 1, th e  r e s u l t in g  s o lu tio n  g iv es  th re e  sp o ts  on a, TLG p la te .
This was found in  th re e  d i f f e r e n t  so lv en t system s. One o f th e se  sp o ts  has 
th e  same value a s  th e  p e n ic i l l i n  i t s e l f ;  b u t i t  i s  u n lik e ly  t h a t  any 
b e n z y lp e n ic il l in  would rem ain un reac ted  a f t e r  s i t t i n g  in  a c id  f o r  fo u r  
hours. I t  i s  sug g ested , th e re fo re ,  th a t  th e  substance causing  th i s  sp o t 
i s  penamaldio a c id  ( l4 ) .  The va lues o f th e  o th e r two sp o ts  id e n t i f y  
these  components a s  p a n ic i l lo ic  a c id  (10) and p e n i l l ic  a c id  (12).
Dennen and Davis ^ c a r r ie d  ou t the  f i r s t  in v e s t ig a tio n  in to  th e  
r e la t iv e  preponderances o f th e se  l a t t e r  two products tliroughout th e  a c id  
1^ 1 ran g e . This was done f o r  a  number o f p e n ic i l l in s ,  w ith  a  v a r ie ty  o f 
s id e -c h a in  s t r u c tu r e s .  They d id , however, work under th e  assum ption th a t  
th ese  were the  only two re a c tio n  p roducts. Thus they  measured th e  p en ic ill-*  
oic a c id  co n ten t o f th e  product by using a  re a g e n t s p e c i f ic  f o r  th i s  
(arsenom olybdic a c iy i ig  G l^), and assumed t h a t  th e  rem ainder o f th e  
l^roduct was p e n i l l i c  8,cid. They found that, fo r  b e n z y lp e n ic il l in , th e  
r e l a t iv e  p ro p o rtio n  o f 'p e n i l l i c  a c id ' in c reased  as  th e  pH was in c re a se d  
from 1 to  3, w hile th e  p ro p o rtio n  o f p e n ic i l lo ic  a c id  co rrespond ing ly  
d ecreased . I t  was found tlm t 'p e n i l l i c  a c id ' was th e  p r in c ip a l  p roduct 
tlrroughout th i s  ran g e . However, w ith  p e n ic i l l in s  noted p a r t ic u la r ly  f o r  
t h e i r  a c id - r e s is ta n c e , such a s  phenoxym ethy lpen ic illin , i t  was found th a t  
th e  p ro p o rtio n  o f p e n i l l i c  a c id  formed was co n sid erab ly  reduced. The 
au th o rs  conclude ' t h a t  aoid-stabillty a r i s e s  from a  re d u c tio n  in  th e  r a t e  o f
1 I T |
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fo rm ation  o f p e n i l l i c  a c id ; though i t  i s  e v id en t from t h e i r  r e s u l t s  t h a t  
p e n ic i l lo ic  a c id  a ls o  i s  formed a t  a  much slow er r a te  from acid«»stable 
p e n ic i l l in s .
These, however, a re  no t th e  only p ro d u c ts . P e n ic i l le n ic  a c id  (13)
i s  produced; bu t i t  is an u n s tab le  in te rm e d ia te , which i t s e l f  reacts some
te n  tim es f a s t e r  th a n  i t  i s  formed. I t s  t r a n s is to r y  e x is ten c e  can be
». 4 ldem onstrated by u l t r a v io l e t  s tu d ie s ,  or by po larography , K rec ji f i r s t  
s tu d ie d  i t s  form ation  from b e n z y lp e n ic i l l in  u s in g  th e  l a t t e r  technique.
His r e s u l t s  in d ic a te  th a t  th e  r e l a t i v e  p ro p o rtio n  o f  p e n ic i l le n ic  a c id  
formed in c re a se s  w ith  th e  reach in g  o f th e  to ta .l  a t  pH 2 .76 . From 
a p e ru sa l ''o f  th e  l i t e r a t u r e  t h i s  f a r ,  i t  may be supposed th a t  th e  ’p e n ill ic ^  
acid* spoken o f by Dennen and Davis i s  in  r e a l i t y  th e  d eg rad a tio n  p roducts  
o f ï tâ n ic i l le n ic  a c id , (P e n ic i l le n ic  a c id  i t s e l f  i s  so r e a c t iv e  th a t  i t  i s  
never p re se n t in  th e  final p ro d u c t ,)
The re a c tio n s  o f b e n z y lp e n ic ille n ic  a c id  were considered  in  
d e ta i l  by Longridge and Timms^"^, In  summary, i t  appears th a t  a t  pH 1 th e  
p r in c ip a l  product i s  penamaldio a c id , a t  pH 4 p sm illic  a c id  i s  th e  m ajor 
product, w hile above pH 6 ^ n i c i l l o i c  a c id  i s  formed e x c lu s iv e ly .
Blaha e t  a l , ^ ^  s tu d ie d  th e  re a c t io n  6 f  b e n z y lp e n ic i l l in  a t  pH 2, 70, 
by m onitoring  each product by HPLG. They came to  th e  conclusion  t h a t  
p e n ic i l le n ic  8,oid i s  th e  only i n i t i a l  p ro d u c t, and th a t  a l l  o th e r p roducts  
a re  formed from i t  ly  subsequent re a c tio n s .
The rates o f r e a c tio n  o f b e n z y lp e n ic i l l in  have been measured 
many tim es u sin g  a v a r ie ty  o f tech n iq u es . R ecen tly , a? pH-rate p r o f i le  
was pub lished  by Page and co -w orkers, based on u l t r a v io l e t  studies^-^.
I t  was decided  to  begin t h i s  poxt o f the project w ith  a  r e p e a t  o f  th i s  work 
The u lts ra v io le t spectrum of b e n z y lp e n ic i l l in  in  an a c id ic  b u ffe r
was observed ( f ig u re  2 ) .  The i n i t i a l  spectrum  c o n s is te d  o f a  s in g le  peak I
' i
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w ith  A 204 ran. With time, th e  s iz e  o f th i s  peak d im in ished , and
i t  took on a broad sh o u ld er cen te red  on 240 ran. A second peak made i t s
8 lappsara.nc0 a t  280 ran. (This i s  a s s o c ia te d  w ith  benzylpsm m aldic  a c id  . )
At 320 ran a  sm all peak formed q u ick ly , reached a  maximum h e ig h t, then 
slow ly dim inished  in  s iz e ,  (This peak c h a r ts  th e  form ation  and 
d isappearance o f  b s n z y lp e n ic il le n ic  a c id . )  S ince th e  r e a c tio n  was known to ^  
a  very  com plicated  one, i t  was decided to  measure th e  r a t e  o f change o f 
o p t ic a l  d e n s ity  a t  a  number o f  d i f f e r e n t  wavelengths. The r e s u l t s  a re  • 
d isp lay ed  in  ta b le  7* '
Table ?. R eaction  o f  b e n z y lp e n ic i l l in  in  d i lu te  a c id  a t  30^0, I « 0.2M
24c nm 200 nmKM-WI 320  nm (a j 320 ran (j^
1.32 472 440 444 4530
1.38 380 ':4o3 364 3400
1 ,6 0 257 265 255 2043
1.68 219 212 210 2200
1.80 187 177 155 1800
(a,) decrease o f  absorbance 
(b) in c re ase  o f  absorbance
The form ation  o f penamaldic a c id , which i s  observed a t  280 nm, 
i s  known to  proceed v ia  p e n ic i l le n ic  a c id ; and th e  slow s te p  i s  the  
fo rm ation  o f th i s  in te rm e d ia te . T herefore th e  r a t e  co n stan ts  c a lc u la te d  
a t  th i s  wavelength must r e f e r  to  th e  t o t a l  r e a c t io n  o f th e  p e n ic i l l i n  
(Appendix 2 ) . They a re  in  good agreement w ith  th e  r a te  co n stan ts  
measured a t  240 ran.
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The situation at 320 ran i s  more com plicatedi two consecu tive  
re a c tio n s  each "bring a"bout changes in  th e  o p t ic a l  d e n s ity . I t  i s  possible 
to  analyse  bôth  p a r ts  o f the  absorbance/tim e curve ( f ig u re  2f) by th e  
Swinbourne method and th u s  o b ta in  r a t e  c o n s ta n ts . I t  can be shown 
(Appandlîç 3) th a t ,  to  a  rough approxim ation, the r i s in g  p a r t  o f th e  curve 
y ie ld s  th e  r a t e  c o n s tan t f o r  th e  f a s t e r  o f th e  two r e a c t io n s ,  w hile th e  
f a l l in g  ïm rt y ie ld s  th e  slow er r a t e  c o n sta n t, -
In  o rder to test how good th e se  approxim ations could be expected  to  
be, a  mathematical model o f th e  consecu tive re a c tio n s  problem was s e t  up on 
a computer. The computer was programmed to  p r in t  the  graph o f [ B ] v s  tim e 
f o r  the  re a c t io n  sequence
A ^1 ) B ^2 ) G
Graphs were produced f o r  a  v a r ie ty  ô f v a lues o f and kg. Each resem bled 
f ig u re  and was an a ly sed  by th e  Swinbourne method, to  y ie ld  two 'a p p a re n t’ ' 
r a te  co n stan ts  k ^ ' and k ^ ' .  I t  was found t h a t ,  i f  and k^ were very  
c lo se  in  v a lu e , th e  'a p p a re n t ' r a t e  co n stan ts  were g re a t ly  d i f f e r e n t  
from th e  r e a l  ones. The analysis alwa,ys gave a t  l e a s t  a  fo u rfo ld  "
d if fe re n c e  in  value between k ^ ' and k^*. However, i f  k^ a,nd k^ were more 
than  fo u rfo ld  d i f f e r e n t ,  k ^ ' and kp* gave reaso n ab le  approxim ations to  
them. The slow er c o n s ta n t in  f a c t  would be a lm ost in d is tin g u ish a b le  
from th e  r e a l  one, w hile  th e  f a s t e r  one would be about ZQffo h ig h er th an  
th e  r e a l  one*
In co n sid erin g  th e  benzyl p e n ic i l l in  ca se , i t  i s  ap p aren t t h a t  th e  two 
s e ts  o f r a t e  co n stan ts  measured a t  320 nm a re  s u f f ic ie n t ly  d i f f e r e n t .  The 
lower s e t  th e re fo re  corresponds to  th e  disappaa.rance of th e  p e n ic i l l in ;  and 
th ese  a re  in  good agreement w ith  th e  values o b ta ined  a.t o th e r  w avelengths.
0-05M
FIGURE 3 - R e a c t i o n  o f  benzylpenVci l l in  
wi th  ac id  at 3 0 ° C .
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T hese have "been averaged and a re  p resen ted  in  ta b le  8,
Table 8. R eaction  o f b e n z y Ip e n lc il l ln  in  d i lu te  a c id  a t  30^0,
pH ïH
1.32 452 1.80 173
1.38 382 1.95 128
1.47 314 2 .97 24,6
1.6o 259 3.50 10.6
1.68 214
I f  ( fo r  pH <C 1 .8 )  i s  p lo t te d  a g a in s t  [ H' ) , a  s t r a ig h t  l in e  i
i s  obtadned ( f ig u re  1) whose g ra d ie n t i s  0.095 t  0.008 s T his
Ii s  in  good agreement w ith  th e  second-order r a t e  c o r^ ta n t re p o rte d  by i
Brodersen^^ (0,092 I t  r e l a t e s  to  th e  in a c t iv a t io n  o f th e  f r e e  J
a c id  form o f th e  p e n ic i l l in .  The corresponding r a te  c o n stan t f o r  th e  1{
-1 -1 3p e n ic i l l in  an ion  was re p o rte d  by B rodersen a s  0.375 M~ s ” , |
IThe f a s t e r  s e t  o f r a te  c o n sta n t measured a t  320 nm should  correspond  4
to  the  r e a c t io n  o f p e n ic i l le n ic  a c id . To t e s t  t h i s ,  some a u th e n tic  j
b e n z y lp e n ic ille n ic  a c id  was ob ta in ed  (from Sigma Company), and the  r a t e  j
co n stan ts  f o r  i t s  r e a c t io n  w ith  d i lu te  a c id  were measured by fo llow ing  ]
the  decrease  o f ab so rtan ce  a t  320 nm. In  th e  same b u ffe r  s o lu t io n s , 11b e n z y lp a n ic il l in  was re a c te d , and th e  in c rease  o f  absorM nce a t  320 nm was |
follow ed. The r e s u l t s  a re  summarised in  ta b le  9.
»6
Table 9« React5.on o f  b e n z y lp e n ic ille n ic  a c id  in  d i lu te  a c id  a t  30^0,
from b e n z y lp e n ic i l l in  from b e n z y lp e n ic ille n ic  a c id
1 ,2 6  4900 4200
1.45 3000 2600
1 ,7 0  1900 1600
1 .9 4  1100 1000
In  each case , th e  r a t e  measured in  th e  p e n ic i l l in  experim ent i s  I
some 10 “• 20fo  h igher tlian  the  a u th e n t ic  v a lu e . From th e  n a tu re  o f  th e  [
iapproxim ation, th i s  i s  what would have been expecteds a,nd i t  i s  good 1
evidence th a t  th e  in te rm ed ia te  causing  the absorbance a t  320 nm i s  |
b e n z y lp e n ic ille n ic  a c id . The second-o rder r a t e  co n stan t f o r  th e  r e a c t io n  i
«•T 'o f b e n z y lp e n ic ille n ic  a c id  w ith  a c id  (pH <C 2) i s  th e re fo re  0,80 t  0 ,0 ?  M ,
I
P e n ic i l le n ic  a c id  i s  an  in te rm ed ia te  which i s  formed th roughou t ;
th e  a c id  pH ran g e . A s e t  o f  experim ents was perform ed w ith  th e  o b je c t 
o f  determ ining  how much o f i t  i s  produced a t  v a rio u s  pH v a lu es . The 
method chosen was to  compare th e  maximum o p t ic a l  d e n s ity  a t  320 nm 
reco rded  during  an experim ent w ith  a  th e o r e t ic a l  maximum cad cu la ted  on 
the  assum ption th a t  a l l  th e  p e n ic i l l i n  i s  transform ed to  p e n ic i l le n ic  
a c id . D ividing th e  a c tu a l  v a lu e  by the  th e o r e t ic a l  va lue  g ives th e  
percen tage o f  p e n c il le n ic  a c id  formed a t  t h a t  pH.
I t  can be shown (Appendix 3 ) tha.t th e  th e o r e t ic a l  maximum (OD^^
is  a  fu n c tio n  o f th e  i n i t i a l  c o n cen tra tio n  o f p e n ic i l l in  in  the  b u f f e r  Î4
(A^), th e  e x tin c tio n  c o e f f ic ie n t  o f p e n ic i l le n ic  a c id  a/fc th a t  pH ( ^  j
and th e  r a te  co n stan ts  f o r  r e a c t io n  o f p e n ic i l l in  (k^) and p e n ic i l le n ic  j
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a c id  (kg) a t  t h a t  pH. The tim e taken  to  reach  t h i s  maximum i s
a  fu n c tio n  o f th e se  fo u r param eters , and i t  should be independent o f the  
a c tu a l  percentage conversion to  p e n ic i l le n ic  a c id .
For each o f the  b u f fe r  so lu tio n s  to  be considered , and kg were 
measured in  th e  u su a l way. ^  was measured by p lac in g  an e x a c tly  
known co n cen tra tio n  (C) o f p e n ic i l le n ic  a c id  in  th e  b u ffe r  and reco rd in g  
th e  o p tic a l  d e n s ity  (OD) a t  a  f ix e d  tim e ( t )  a f t e r  th e  beginning o f th e  
re a c t io n .  The e x tin c tio n  c o e f f ic ie n t  i s  then  g iven  by
S  22 Q  f  OD/Oe'^z''^,
For a  g iven  A , t  and OD were c a lc u la te d . They were th en  1^ o max max Î
determ ined ex p erim en ta lly . The r e s u l t s  a re  given in  table 10, |
I t  can be seen th a t  th e  percentage o f p e n ic i l le n ic  a c id  r i s e s  |
continuov^ly  w ith  the  pH. These r e s u l t s  a re  b roadly  s im ila r  to  th o se  ,
Io b ta ined  by K re c ji a t  25^0 by th e  p o larog raph ic  method, j
What o f th e  rem ainder of th e  p roduct which i s  no t p e n ic i l le n ic  a c id ?  j 
A co n siderab le  p ro p o rtio n  o f th i s  must be p e n ic i l lo ic  a c id . This i s  a  |
m ajor product o f p e n c i l l in  d eg rad a tio n , b u t i t  i s  n o t formed from penioill- i^
e n ic  a c id  8,t pH 4^^. I t  must th e re fo re  be formed d i r e c t ly  from th e  Î 
p e n ic i l l in ,  Dennen and Davis ^ have re p o r te d  the  r e l a t iv e  amounts o f  J
t h i s  product formed. From t h e i r  f in d in g s , ta b le  11 can be drawn up, J
Table 11. P ro p o rtio n  o f b e n s y lp e n ic i l lo ic  a c id  formed a t  35^G.
1 .28  1 .4 ?  1 .9 5  2.93
^  o f  p e n ic i l lo ic  a c id  45 43 37 13
H 1R C O N - C — CI  I
N
p e n i c i U i n
CH
1
CO^H
D N*
6
'G
O S
' “ v \
:CH\
DN
V / C H 3
^ C H -,
CH
pe n i c i l l en i c  a c i d
C O 2 D
R
D'
V
C O 2 D
N
•CH6
CH
N -
CH
C H 3
CH
C O 2 D
V
D
N
I I
R - C
GOoDVvc,
■N CH
I
C O 2 D
p e n i l l i c  a c i d
s c h e m e  21
*66*
I t  i s  ap p a ren t t h a t ,  e s p e c ia lly  a t  th e  low pH v a lu es , th e se  two 
products do no t account f o r  a l l  o f th e  p e n ic i l l in  which has re a c te d . 
There must he a  th i r d  prim ary deg radation  product. The most l ik e ly  
cand ida te  fo r  t h i s  i s  p e n i l l i c  a c id . This i s  known to  be formed from 
p e n ic i l le n ic  a c id , bu t n o t in  very s u b s ta n t ia l  amounts a t  pH 1 .
S ince i t  i s  a  m ajor d eg rad a tio n  product o f p e n ic i l l i n  a t  pH 1 
(evidence from the  chromatography s tu d ie s )  i t  must be a pirlmary a s  
w e ll a s  a secondary p roduct. The amount o f p e n ic i l l in  which i s  
i n i t i a l l y  converted  to  p e n i l l i c  a c id  may be e stim ated  by s u b tra c tio n  
o f the  percen tages o f th e  o th e r  two prim ary products from 100, Table 
12 may then  be drawn up.
Table 12. P ro p o rtio n  of p e n i l l i c  a c id  formed from b e n sy lp e n ic ill in .*  
pH 1 .2 8  1 ,4 ?  1 .95  2.93
% o f  p e n i l l ic  a c id  46 k-6 4 l  20
Evidence th a t  p e n i l l i c  a c id  i s  formed by two d i f f e r e n t  ro u te s
^4has been re p o r te d  by Feeney e t  a l ,  « In  a  study of the  in a c t iv a t io n  
o f b e n z y lp e n ic il l in  a t  pH 2 .5  and 37*^ G by F o u rie r Transform N iM R  
spec troscopy , they  were a b le  to  d is t in g u is h  between p e n i l l ic  a c id  
formed by each o f th e  two r o u te s .  I f  i t  i s  formed d i r e c t ly  from the  
p e n ic i l l in  th e  pro ton  w i l l  rem ain a t  p o s it io n  6, I f  i t  i s  formed via 
p e n ic i l le n ic  a c id ,  however, t h i s  pro ton  must be re p la ce d  by s, 
deu teron  (scheme 21), The HMR spectrum  w il l  th e re fo re  be d i f f e r e n t  
f o r  each. The au th o rs  have estim ated  th e  r e l a t iv e  amounts o f each 
prim ary product formed a t  t h i s  pH, T heir r e s u l t s  a re  included  in  
ta b le  13 , which summarises what has gone before.
It must'be em p h asised 'tlia t th e se  a re  only th e  i n i t i a l  p roducts.
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Ts-ble 13® Pe rcentages o f  prim ary deg radation  products from 
“b e n z y lp e n ic ill in .
P e n ic i l lo ic  a c id P e n i l l ic  a c id P e n ic i l le n ic  a c id  |Ï
1.28 45 46 11 .4 ? 43 46 1 1  1i
1 . 9 5 37 41 •22 !^
2 . 5 0 " 1 7 33 50  )
2 . 9 3 1 3 20 67  j
Each one I t s e l f  undergoes changes, some slow some f a s t ,  in to  o th e r 
p ro d u c ts . A more complete scheme i s  given in  scheme 22.
The r a te  o f  h y d ro ly s is  o f  h e n a y lp e n ic il l in  in  d e u te r ia te d  
b u ffe rs  was measured. The b u ffe rs  were p repared  by mixing 20^ 
DGI/d^O w ith  DpO. The r e s u l t s  a re  d isp layed  in  ta b le  14, a long  w ith  
the  v a lu es  expected f o r  the  r a t e  co n stan ts  in  o rd im ry  b u ffe rs .
Table 14, R eaction  o f b e n z y lp e n ic il l in  in  T)^ 0 b u ffe rs  a t  30^0.
pB
aBSî*»'ss.eyuBots
i A h^O / s " l ^DgO /^IgO
1 ,0 6 2240 826 2.71
1.31 1020 470 2.17
1.52 664 287 2.27
2.58 70.3 57 1.23
This e x e rc ise  was a lso  c a r r ie d  out f o r  b e n z y lp e n ic ille n ic  
a c id . The r e s u l t s  a re  d isp lay ed  in  ta,ble 15*
The s ig n if ic a n c e  o f th e se  f in d in g s  w i l l  be d iscu ssed  l a t e r  in  
th e  ch ap te r.
-68*
Ta.ble 16. R eaction  o f b e n z y lp e n ic ille n ic  a c id  in  D^O b u ffe rs  a t  30°G
PD ^2°
1.06 16600 6960 2.37
1.31 8130 3900 2.08
1.66 3670 1800 1.98
2.62 468 260 1.83
REACTIONS OF THE PHENYLPBNIGILLINS WITH DILUTE AGID
The re a c tio n s  o f p h e n y lp e n ic il l in , p ^ n itro p h e n y lp e n ic illin , 
p -m ethoxypheny lpen icillin  and m e th ic i l l in  were examined by u l t r a v io l e t  
spectroscopy . The sp e c tra  o f a l l  fo u r c o n s is t  i n i t i a l l y  o f s in g le  
peaks, lo c a ted  between 200 and 300 nm. On ta k in g  th e  s p e c tra  in  O.IM 
HGl, th e  s iz e  of th e se  peaks i s  observed to  in c re ase  w ith  tim e. A lso, 
a second peak makes i t s  appearance above 300 nm. With tim e , th i s  peak 
reaches a  maximum and slow ly d im in ishes ag a in . The w avelengths o f 
th ese  peaks a re  re p o r te d  in  ta b le  16. In  the case o f m e th ic i l l in ,  a 
th i r d  peak appeared in  th e  spectrum a t  280 nm.
Table 16, A bsorption maxima f o r  p e n ic i l l in s  in  0,1M HGl,
P e n ic i l l in  O rig in a l peak In te rm ed ia te  peak
pheny l- 260 nm 360 nia
p -n itro p h en y l-  26? nm 376 nm
p-methoxyphenyl 266 nm 3^0 nm
m e th ic i l l in  210 nm 330 nm
.aM
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The in c re a se “decrease e f f e c t s  which a re  observed above 300 nm 
may be a t t r ib u te d  to  th e  fo rm ation  and decay o f  th e  p e n ic i l le n ic  a c id s ,  
analogous to  th e  b e n z y lp e n ic i l l in  case . The value  i s  h ig h er
fo r  th e  p h e n y lp e n ic ille n ic  a c id s  than  fo r  b e n z y lp e n ic ille n ic  a c id , 
because th e re  i s  e x tra  con jugation  between th e  benzene and oxasolone 
r in g s .
Although p e n ic i l le n ic  a c id s  r e a c t  in  d i lu te  a c id  s o lu t io n , 
th i s  r e a c t io n  may be stopped by form ation  o f a  m ercuric m ercaptide
Bzcomplex • Thus when the  p e n ic i l l in s  were aged in  a c id ic  so lu tio n s  
G ontatning eq u iv a len t amounts o f  m ercuric c h lo r id e , th e se  p e n ic i l le n ic  
a c id  peaks were observed to  rem ain in  the sp e c tra  f o r  a t  l e a s t  24 
hours.
Table 17 reco rd s  th e  maximum absorbances which th e  p e n ic i l l in s  
achieve in  0,1M HGl s o lu tio n , both  w ith  and w ithou t the  m ercuric 
c h lo r id e . The i n i t i a l  co n ce n tra tio n  o f p e n ic i l l i n  i s  10
Table 17* Maximum o p t ic a l  d e n s i t ie s  o f 10"*Sî s o lu tio n s  a t  pH 1,
P e n ic i l l in  A  /  ™ \ a x  ("sC lg )
b en zy l- 320 0 .0 6  0 .3 0
pheny l- 360 I . 3I  1 .68
p -n i t ro  phenyl- 370 1 ,0 0  0 ,81
m e th ic i l l in  330 0 ,48  0 .92
Since the  e x tin c t io n  c o e f f ic ie n ts  f o r  phenyl- and benzy l­
p e n ic i l le n ic  a c id s  a r e  roughly s im ila r  (24,300; 26 , 600 ) ,  i t  may be 
concluded t l ia t  f a r  more o f  the  form er than th e  la , t te r  i s  producèd a t  
01 1, A lso, the  maximum le v e l o f  p b a n y lp an ic illen ic  a c id  ach ieved  in  
s o lu tio n  i s  not g re a t ly  in c re ase d  by th e  a d d it io n  o f m ercuric  c h lo r id e ,
.70.
whereas t h a t  o f th e  h e n z y lp e n ic ille n ic  a c id  i s  in c reased  f iv e fo ld .
T his in d ic a te s  th a t  p h e n y lp e n ic ille n ic  a c id  i s  r e la t iv e ly  sta,h le  in  
a c id  s o lu tio n , and decays r a th e r  more slow ly thorn i t  i s  formed. This 
i s  the  re v e rse  o f th e  s i tu a t io n  w ith  b e n z y lp e n ic il l in , p -N itrophenyl- 
p e n ic i l l in  appears to  behave in  a  manner s im ila r  to  p h e n y lp e n ic il l in , 
w hile m e th ic i l l in  re p re se n ts  an  in te rm ed ia te  case .
Attempts a t  th e  p re p a ra tio n  o f p e n ic i l le n ic  a c id s  were d e sc rib e d  
in  th e  l a s t  ch ap te r . Although th e  p rep a ra tio n s  were n o t pu re , t h e i r  
UY sp e c tra  liad the  maxima noted  above. This p rovides f u r th e r  evidence 
o f the  form ation  o f p e n ic i l le n ic  a c id s  a s  in te rm e d ia te s  in  th e  a c id -  
degradation processes o f a l l  th e se  p e n ic i l l in s .
To d a te , f u r th e r  work on product a n a ly s is  has been c a r r ie d  o u t 
only in  th e  case o f p h e n y lp e n ic il l in . This has been in v e s t ig a te d  by 
TIG and NMR.
TLC EXPEHÏÏ'ÎENTS
P h e n y lp e n ic ill in  potassium  s a l t  (40 mg) was d isso lv ed  in  w ater % 
(0,1 ml) and O.OIM HGl (10 ml) was added. At 4 minute in te rv a ls  1 ml 
p o rtio n s  o f th i s  s o lu t io n  were n e u tra l is e d  w ith  0,05M 
(0,1 m l). These n e u tra l is e d  so lu tio n s  were examined by TLG, A ll 
te n  chromatographs had three sp o ts  w ith  v a lu es  O.70, 0,45, and 0,20,
The f i r s t  few had th e  0,70 sp o t a s  the  prédom inant one, b u t a f t e r  t h a t  
th e  o th e r  two sp o ts  became o f s im ila r  im portance. The experim ent was 
re p e a te d , using O.IM HGl and 0,5M KgOO^. The same sp o ts  were observed, 
but a f t e r  40 minutes th e  0 ,70  sp o t had com pletely  d isappeared .
The 0,70  sp o t may correspond e i th e r  to  th e  p e n ic i l l in  or th e  
p e n ic i l le n ic  a c id , bo th  of which d isap p ear w ith  tim e. I t  would liave 
been expected (from analogy w ith  b e n z y lp e n ic il l in )  ihat phenylpenamaldic ;
a c id  a ls o  would have an value  around 0*70, These r e s u l t s ,  th en , 
may in d ic a te  tha,t t h i s  i s  no t a  s ig n if ic a n t  product* The 0*45 sp o t 
corresponds to  p h e n y lp e n io illo ic  a c id . In  th i s  tim escade i t  does n o t 
undergo d ecarb oxy la tion  to  p e n i l lo ic  a c id  (R^ «■ 0*57), b u t th i s  change 
was observed i f  th e  s o lu tio n  was l e f t  to  s ta n d  fo r  about a  week. The 
0.20 sp o t most probe^bly corresponds to  p h e n y lp e n illic  a c id ,
mm EÎXPERBffiHTS
I t  was e s ta b lis h e d  ly  t r i a l  and e r r o r  th a t  th e  g r e a te s t  
c o n cen tra tio n  o f p h e n y lp e n ic il l in  which could be ob ta ined  in  a  
s o lu tio n  o f pH 2 was about 4 mg'/ml (oa, O.OlM), A s o lu tio n  o f  th i s  
concentra/bion in  D^O gave a  c le a r ,  sharp  HMR spectrum  a f t e r  2000 
scans (oa. 2 h o u rs ) .
KDpPOj^  was prepared by d is so lv in g  KHpK)j  ^ in  D^ O and a llow ing  
th e  so lv e n t to  ev ap o ra te . This was repeated, and th e  rem aining 
m oisture was d riv en  o f f  by h e a tin g  in  an oven,
A d e u te r ia te d  buffer s o lu t io n  (0,2H, pD ” 2 ,26) was prepared 
by d is so lv in g  KD^ PO^  ^ (0 ,552g) and DGl (1,183 moles) in  1)^0 (20 m l). 
N e u tra lis a tio n  of t h i s  re q u ire d  0,0207g of K^GO  ^ f o r  every  m i l l i l i t r e  
o f s o lu tio n  to  be n e u tra l is e d ,
A s o lu t io n  o f  p h e n y lp e n ic il l in  potassium  s a l t  (4 mg/ml) in  th e  
s o lu t io n  gave an NMR si^ctrum  no t q u ite  so good a s  th e  f i r s t  one, but 
s t i l l  c le a r ly  reco g n isab le  ( f ig u re  4a ) ,
As a  pcelüjninary, the  reaction was s tu d ie d  by UV spectroscopy. 
The d e u te r ia te d  b u f f e r  s o lu tio n  was p reheated  in  the spectrometer to  
30 G^, and phenylpenicillin was in troduced  to  a  concentration o f 0.04 
mg/ml ( ie  100 tim es more dilute than for th e  NMR experim en ts). The 
o p tic a l  density reached  a  maximum o f 1,55 units a f t e r  12 m inutes.
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To study th e  d eg rad a tio n  o f p h e n y lp e n ic ill in  by KM th e  
fo llow ing  procedure was adopted . The b u ffe r  so lu tio n  was m ain tained  
a t  30PG in  a  w a te r-b a th . P h e n y lp e n ic ill in  potassiuia s a l t  (2 .4  mg) 
was weighed out in to  a  test-tube, a lso  m ain tained  a t  30*G, The 
b u ffe r  s o lu tio n  (0 ,6  ml) was p ip e tte d  onto th e  p e n ic i l l in ,  and the  
m ixture was shaken to  d is so lv e . The te s t - tu b e  was kep t in  the  water- 
bath  f o r  a  measured le n g th  o f tim e; then  th e  so lu tio n  was n e u tra l is e d  
by a d d itio n  of K^OOy ( 0 .0124g) and TMP8A (0 ,6  mg). The a c q u is i t io n  
o f the  KMR spectrum was begun w ith in  15 m inutes and la s te d  fo r  abou t
2 hours,
1In  th e  NJMR spectrum , th e  most in te r e s t in g  reg io n  i s  1-2 ppm, iIThis i s  where the  -Cîî„ pro tons re so n a te . S ince th e re  a re  s ix  o f  1
th ese  on th e  m olecule, they g ive  r i s e  to  th e  most in te n se  peaks; and j1the  p o s itio n s  o f th e se  peaks a re  s u f f ic ie n t ly  d i f f e r e n t  in th e  v a rio u s  | 
re a c t io n  products f o r  an  a m ly s is  o f them to  be d ia g n o s tic . The I
iG- /C^ resonances would be expected  to  provide more in te r e s t in g  I
iin fo rm ation , bu t they  a re  no t so in ten se  and they  tend  to  occur too  Ji
clo se  to  th e  HpO peak. The s p e c tra  ob tained  in  th ese  experim ents j
1between 1 and 2 ppm a re  d isp lay ed  in  f ig u re  4, A summary o f  the 1
1in fo rm ation  a v a ila b le  from them i s  given in  ta b le  18,
I t  seemed su jrp ris in g  t h a t ,  a f t e r  20 m inutes, p h e n y lp e n ic il l in  
should s t i l l  be th e  most significant component o f the  m ix tu re . Not 
only in  th e  methyl re g io n , b u t throughout th e  s i^c trum , could  i t s  ■]
peaks be c le a r ly  id e n t i f ie d .  i
In  o rd er to  check th a t  th e  re a c t io n  was proceeding in  th e  same 
way as  determ ined by UV on th e  more d i lu te  s o lu t io n , a  sample was 
aged in  th e  b u ffe r  in  th e  s tan d a rd  manner f o r  12 m inutes. I t  wo,s 
then  n e u tra l is e d  , d i lu te d  one hundred fo ld  w ith  w ater and examined
'm A*
b
f
F I GURE 4
R e a c t i o n  o f  phenyl peni c i l l i n  
wi t h a c i d
NMR s p e c t r a :  1 -------2 ppm
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"by UV* \  m s  a t  350 mi» w ith  OD “ 1*5^ u n its*  Thus the  two s e t s  
o f experim ents do seem to  tak e  th e  same course. However, if th e  
n e u tra l is e d  s o lu tio n  were l e f t  to  s*band f o r  2 ho u rs , th en  d i lu te d  by 
100, th e  o p t ic a l  d e n s ity  a t  350 nm was only 0*38® I t  may be concluded 
th a t  th e  p e n ic i l le n ic  a c id  i t s e l f  degrades con tinuously  during  th e  
tim e necessary  to  a c q u ire  th e  NMR spectrum , even in  th e  n e u tra l  
s o lu tio n . I t  -therefore  does n o t re c e iv e  enough scans f o r  i t s  spectrum  
to  be d i f f e r e n t ia te d  from th e  n o ise i n e i th e r  do th e  p roducts o f i t s  
d eg rad a tio n . Thus, th e  p e n ic i l l i n  i s  th e  only sp ec ie s  which can g iv e  
r i s e  to  a  ‘well-»resolved* spectrum , even though (from th e  u l t r a v io l e t  
ev idence) h a l f  o f i t  has re a c te d  after 12 m inutes.
Table 18. R eaction  o f  p h e n y lp e n ic ill in  a t  2 ,26  a t  30°G,
L is t  o f  m ethyl reso n an ces , in  o rd e r of in te n s i ty .
S ^ c tru m  tim e /m in Peaks
a 0 1.55. 1.65
b 4 1.55, 1.651.20, 1.425, 1.625, 1.75
c 12 1.55, 1.651.225, 1.425, 1.50, 1.625, 1.75
a 20 1.55, 1.651.225, 1.425, 1.50, 1.625, 1.75
e 60 1 .4 0 , 1 .5 01.55, 1.60, 1.65, 1.701.225
f 90 l.4o, 1.501.6251.55, 1.651.225
g 12 1.55, 1.651.60, 1.475, 1.40, 1.225, 1.175
spectrum  g) was o b ta ined  when th e  sample was allow ed to  r e a c t  
in  th e  u su a l way f o r  12 m inutes. I t  was th e n  n e u tra lis e d  and l e f t  to  
s tan d  f o r  2 hours b e fo re  th e  NMR a c q u is i t io n  was begun. As a r e s u l t ,
th e  p roduct peaks a re  more in te n se  than in  spectrum  c ) .
The peaks which appear a t  1,625 &nd 1.225 ppm ma,y be a ss ig n ed  
to  p h e n y lp e n ic illo ic  a c id . The reason  why th e  lower o f th e se  resonances 
i s  s p l i t  may be th a t  a c id  h y d ro ly s is  leads to  a  m ixture o f  isom ers 
(5Rf6R and 5B,6h) whereas a lk a l in e  h y d ro ly s is  (by which th e  s tan d a rd  
p h e n y lp e n ic illo ic  a c id  was o b ta in ed ) g ives only th e  5^,6R isom er.
S im ila r r e s u l t s  a re  obtained w ith  b e n z y lp e n ic ill in ^ ^ .
The peaks a t  1 .40  and 1 ,50  pp:i are most probably due to  phenyl­
p e n i l l ic  a c id . I t  has a lre ad y  been e s ta b lis h e d  that th e  product w ith  
0 ,20  has th e se  peaks, and t h i s  i s  thought to  be the p e n i l l i c  acid. 
There a re  o th e r  peaks no t accounted f o r ,  b u t they  do no t appear 
c o n s is te n tly  in  a l l  th e  s p e c tra .  It may be t lm t they  a re  sp ik e s .
In  suTiimary, th e  evidence ga thered  so f a r  i s  c o n s is te n t w ith  the 
view th a t  the  re a c tio n s  o f p h e n y Ip e n ic ll l in  fo llow  th e  same broad 
p a tte rn  as those  o f  b e n z y lp e n ic i l l in .  The s t r ik in g  d if fe re n c e  i s  t h a t  
th e  p e n ic i l le n ic  a c id  i s  formed in  much g r e a te r  abundance, and r e a c ts  
much more slow ly w ith  the a c id ic  b u ffe r . At low pH th e  m ajor p roduct 
from b e n z y lp e n ic il le n ic  a c id  i s  th e  penamaldic a c id . In  th e  phenyl 
case , th e re  is no evidence th a t  a  pe im m ldic  a c id  i s  for-med a t  a l l ,
We cannot say  w ith  c e r ta in ty  t h a t  i t  i s  n o t formed, b u t i t  would be 
expected to  have a  h igh  R^ . va lue  and to p o ssess a  d is t in c t iv e  UV 
spectrum .
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KINETIC EXPERIMENTS '
A. PHENYLPENICILLIN. .
Table I 9 l i s t s  th e  rate consta^nts f o r  th e  increase (k^) and 
decrease (k^) o f  absorbance a t  35^ nra for s o lu tio n s  o f p h e n y lp e n ic il l in  
at 30-^G, Also reco rded  a re  th e  maximum absorbance va lues 
ob ta ined  f o r  each s o lu tio n  a t  th i s  w avelength. The r a te  co n stan ts  
have been c a lc u la te d  by th e  Swinbourne method. They a re  approx im ations, 
su b je c t to  the  l im ita t io n s  d iscu ssed  on page 62 .
Die 19. R eaction  o f p h e n y lp e n ic il l in  (O.OZg 1 a t  30°C,
pH 1 0 \  / s " ^ 10-^ 2 / s “^ ^max
1.02 2400 160 1.00
1.15 1900 150 1.10
1 .1 7 1750 130 1.15
1.30 1500 l4o 1.15
1 .4 7 960 115 0.80
1 .51 990 120 0.78
1.64 760 110 0.77
2 .2 7 340 62 0.63
2.56 250 4 0 .5 0.56
2.67 250 ''52 0 .5 3
2.79 205 42 0.49
2.94 210 4 2 .5 0 .3 5
3.28 i4o 18 0 .2 9
3.66 97 9 .9 0 .23
These r e s u l t s  a re  d isp lay ed  g ra p h ic a lly  in  f ig u re  5» As th e  
pH i s  in c re a se d  there i s  a  steady decrease in the maximum absorbance
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achieved du ring  th e  experim ent. This can Tbo a t t r ib u te d  to  a  r e l a t iv e  
decrease in  th e  s t a b i l i t y  o f th e  p e n ic i l le n ic  a c id  a s  th e  pH i s  
r a is e d . Thus a t  low pH, th e  fo rm ation  o f th i s  in te rm ed ia te  ocours 
much faster th an  i t s  decay; in  th e  range 3-^+ th e  re v e rse  i s  true. 
At in te rm ed ia te  v a lu e s , th e  two p rocesses tsJce p lace  a t  roughly  
s im ila r  r a t e s .  For pH <  2, th en , should re p re se n t a  good 
approxim ation to  th e  r a t e  o f  r e a c t io n  of p h e n y lp e n ic il l in , w hile k^ 
re p re se n ts  th e  r a te  o f  re a c tio n  o f p h e n y lp e n ic ille n ic  a c id . In  th e  
range 3"4» kg re p re se n ts  th e  r e a c t io n  o f th e  p e n ic i l l in  @,nd k^ th a t  
of p e n ic i l le n ic  a c id . In  th e  range 2-3» the measured co n s ta n ts  a re  
too  c lo se  to g e th e r  to  have any r e a l  meaning.
The experim ents were re p e a te d , bu t th i s  tim e m ercuric ch lo rid e  
was added to  th e  b u f f e r s , to  a  co n cen tra tio n  o f 10"^M. T his has th e  
e f f e c t  o f p reven ting  th e  d eg rad a tio n  o f p e n ic i l le n ic  a c id ; th u s  th e  
absorbance a t  350 nm r i s e s  to  a  maximum and s ta y s  th e re . Only one 
r a t e  c o n s ta n t can be d e riv ed . The r e s u l t s  a re  summarised in
ta b le  20,
Table 20. Reaction of phenylpenicillin (0,02g l” ) at 30*0.
IH i s .
1,02 1950 1.13 2 .23 170 2 .20
1.14 l6oo 1 .25 2 .5 6 125 2 .20
1.42 '?20 1.50 2 .7 2 100 2.20
1.57 550 2.00 2 .83 9 0 .5  2 .20
These values should re p re se n t th e  r a te s o f re a c tio n  o f phenyl-
p e n ic i l l in .  As expected, they  a re  c lo se  to  th e  va lu es  of in  the  
low p^ i ran g e , and in te rm ed ia te  between and k^ in  the range 2-3®
0*1 M
F I G U R E  6 : R e a c t i o n  o f  p h e n y l p e n i c i l l i n  
w i t h  a c i d  at  30®G
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Figu re  6 i s  a p lo t  o f  vs [ ÏÏ » The grcadient o f  th e  l in e  i s  
0,21 ± 0 ,02 T his may be taken  as  th e  second-order r a te
co n stan t f o r  the  a c id -c a ta ly se d  r e a c t io n  o f p h e n y lp e n ic il l in  f r e e  a c id . 
In  o rd e r to  a r r iv e  a t  more p re c ise  v a lu es  fo r  the  r a t e  c o n s ta n ts , 
a FORTRAN computer progmm was d ev ised  which would calcu la /te  th e  
va lues which b e s t  f i t t e d  th e  experim ental d a ta . D e ta ils  o f th i s  
program a re  given in  Appendix 4. B r ie f ly , th e  computer i s  g iven  
d e tad ls  o f the o p tic a l  d e n s ity  ach ieved  a t  v a rio u s  tim es. Using th i s  
data,, i t  works ou t th e  va lues o f th re e  param eters g th e  r a t e  co n stan ts  
f o r  the  fo rm ation  and decay o f th e  intermedie/be (p e n ic i l le n ic  a c id ) ,  
and a  param eter E, This i s  th e  product o f th e  e x tin c tio n  c o e f f ic ie n t  
f o r  p e n ic i l le n ic  a c id , th e  i n i t i a l  co n cen tra tio n  o f p e n ic i l l in  in  th e  
b u ffe r , and th e  f r a c t io n  o f th i s  which i s  converted  to  p e n ic i l le n ic  
a c id .
For example, th e  d a ta  from an experim ent conducted a t  pH 1*07»
when analysed  by th e  Swinbourne method, gave ™ 2.26 x 10 " s "  and
kg ™ 1*08 X 10*"  ^ When an a ly sed  by th e  computer, i t  gave th e  rate
co n stan t for th e  fo rm ation  of th e  in te rm ed ia te  (k^^) a s  1 ,86  x 10**^
and th e  rate constant f o r  th e  r e a c t io n  of th e  in te rm ed ia te  (k^) as
1 ,1 5  X 10 ^ s w ith  E “ 1 .6 8 , The e x tin c tio n  c o e f f ic ie n t  i s  24,300
..L\,and th e  i n i t i a l  co n ce n tra tio n  o f p e n ic i l l in  was 1 ,1  x 10 M, There­
fo re , from th e  value  o f  E, i t  m y  be estim ated  th a t  th e  conversion  to  
p e n ic i l le n ic  a c id  was 6 3 , Thi s  example re p re se n ts  a  r e l a t iv e ly  
s tra ig h tfo rw a rd  case, and i t  confirm s what was known a lready?  namely 
th a t ,  under th e se  c o n d itio n s , kg i s  q u ite  a  good approxim ation to th e  
r e a l  v a lu e , w hile i s  about 20$^  too  h igh . I t  was obvious that 
had to  be much g re a te r  th an  k^; and w ith  th i s  c o n s tm in t ,  th e  computer 
was ab le  to  find a  unique s e t  o f para,meters to  f i t  th e  d a ta .
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The program was employed to  analyse  th e  data fo r  experim ents 
conducted "between pH 2*2? and 3 .6 6 . The r e s u l t s  from Svrinhourne 
analyses have "been re p o r te d  e a r l i e r  in  ta b le  19. U n fo rtu n ate ly , 
th e se  experim ents proved to  bè more com plicated tlian  th e  example . 
g iven  above. Where and a re  ex j^c ted  to  be c lo se  in  v a lu e , i t  
was p o ss ib le  fo r  th e  computer to  f in d  an i n f i n i t e  v a r ie ty  o f  s e ts  o f 
r e s u l t s ,  each o f which f i t :  the  d a ta  f a i r l y  w e ll .  In  o rd e r to  f in d  
which of th e se  p o ss ib le  r e s u l t s  i s  th e  c o rre c t s e t ,  i t  was necessary  
to  put an  e x tra  c o n s tr a in t  on th e  program.
The c o n s tra in t  chosen was to  make an  e s tim a te  o f B, make th i s  
a  c o n s ta n t, and allow  th e  program to  f in d  v a lu es  o f k^  ^ and which 
a re  c o n s is te n t w ith  t h i s  va lu e .
In  ta b le  20 , th e  value  o f  A rem ains co n stan t f o r  pH 3- 2.max
This means th a t  B must be co n stan t w ith in  t h i s  range. (Presumably i t  
i s  co n stan t because th e  conversion  to  p e n ic i l le n ic  a c id  has reached  
100^) A value  o f 3*7 was decided on, s in ce  t h i s  ge.ve v a lu es  o f k^ 
and k^ which were in  good agreem ent w ith  k^ in  ta b le  20. The values 
o f  k^ and fc  ^ c a lc u la te d  by th e  computer a re  l i s t e d  in  ta b le  21. The
C orr. v a lu e 'i s  a measure o f how c lo se ly  th e  c a lc u la te d  co n stan ts  f i t
th e  experim ental d a ta . I t  i s  'the sum o f the  squares o f th e  d if fe re n c e s  
between c a lc u la te d  and observed o p t ic a l  d e n s i t ie s  over 20 d a ta  p o in ts . 
The lower i t s  v a lu e , th e  b e t te r  th e  r e s u l t s .
The v a lues o f k in  ta b le  21 a re  combined w ith  the  v a lu es  of
in  ta b le  20 to  g ive  th e  pH -rate  p ro f i le  shown in  f ig u re  7. This
has the  same shape as th e  p ro f i le  f o r  benzyl penicillin (page ?)♦ The 
kink in  th e  curve a r i s e s  because th e  penicillin an ion  r e a c ts  f a s t e r  
•than th e  f r e e  a c id .
The pH -rate p r o f i le  f o r  p h e n y lp en io ille n ic  a c id  i s  shown in
. . . .  K
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p h e n y l p e n i c i l l i n  w i t h  a c i d  at  3 0 ° C
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F I G URE  8 ;  pH— r a t e  p r o f i l e  f o r  r e a c t i o n  o f
p h e n y l p e n i c i l i e n i c  a c i d  w i t h  a c i d  a t  3 0 ° ( 2 .
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f ig u re  8. I t  i s  ap p aren t th a t  t h i s  substance, u n lik e  the  benzyl™ 
p e n ic i l le n ic  acid, i s  n o t very  sensitive to  acid. I t  degrades a t  
about th e  same r a t e  over a  u ide  pH range, th e  r a t e  constant being 
ca . 10-3 8 -1 .
oTable 21. R eaction o f  p h e n y lp e n ic ill in  a t  30 0. C om puter-calculated
c o n s ta n ts .
m lo\^ / s “^ 10%^ / s " l
Kwmuiwi w n 'iiiH '.ijM  . j i i ic M rw
410 Corr.
2.27 1^8 125 12.1
2.# 111 116 7.64
2.6? 93.9 111 8.93
2.79 75.9 lo4 7.76
2.9% 52.5 115 30.0
3.28 29.3 107 23.4
3.66 14.1 77 1.85
p ->nitrophshylpeîo:g ïll in
The re a c t io n  o f p -n it ro p h e n y lp e n ic il l in  in  a c id  was studied by 
o b serv a tio n  o f absorbance changes a t  370 nm. Rate co n stan ts  were 
c a lc u la te d  fo r  th e  rising (k^) and falling (k^) parts o f th e  graph. 
The results a re  p re sen ted  in  ta b le  22, and a re  i l l u s t r a t e d  in  f5.gure 
9.
As in  th e  case o f p h e n y lp e n ic ill in , th e  maximum absorbance 
decreases d ra m a tic a lly  a s  th e  pH .is ra ised ?  and ag a in  t h i s  is 
a t t r ib u te d  to  a r e v e r s a l  o f the  r e l a t iv e  r a t e s  of the two p rocesses 
be^ng observed. In  t h i s  case th e  r e s u l t s  a re  only  meaningful f o r  
pH,) 2. t h i s ,  and k„ a re  too  c lo se  together.
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F I G U R E  9.  R a t e s  o f  c h a n g e  
of a b s o r b a n c e  (at  3 7 0  nm)  in 
r e a c t i o n  o f  p - n i t r o  p h e n y l -  
p e n i c i l l i n  wi t h  a c i d  at  3 0 ° C - 
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FIGURE 10.  R e a c t i o n  o f  p -  n i t r o p h e n y l p e n i c i l l i n  
w i t h  a c i d  at  30°
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Table 22. R eaction  o f p « n itro p h e n y lp e n ic ill in  (0 .04  g 1*"^)
at 30^.
pH 10-^k^ / s
K*3««nMSWSOTfMnunKS*«il
lO ^ g  / s “^
c a »  i»w*«pwwiTeaL**ww»aeT.*»*«i
Amax
0.97 280 52.5 1.18
1.01 260 55.5 1.22
1.10 295 40.0 1 ,1 6
1.22 170 38.5 0.99
1.35 155 36.5 0.90
1.49 150 29.0 0 .7 6
2.29 125 10,5 0.35
2.^2 120 6 .8 0.29
2.70 115 7.0 0 .26
Once a g a in , th e  experim ents were perform ed in  b u ffe rs  
conta,ining HgCl^ÿ and th e  r e s u l t s  ob tained  a re  g iven  in  ta b le  23.
Table 23« R eaction  o f p -n it ro p h e n y lp e n ic il l in  w ith  acid a t  30^C,
^max IH «aiagT^"nia»i*ni n\ *wumTOawarsw Amax
1.10 110 1.20 2.54 6.7 1.28
1.30 79.5 1.44 2.73 6.7 1.14
1.41 52.0 1.20 2.84 4.85 0 .65
1,52 40.0 1.30 3.18 4.20 0.46
2.22 10.5 1.56
As expected , th e  v a lues o f  a re  in te rm ed ia te  between and 
a t  p*H ^  2; and they  a re  p r a c t ic a l ly  id e n t ic a l  w ith  k^ , f o r  pH ^  2. 
T herefore k^^ may be tak en  as  th e  t ru e  value fo r  th e  re a c t io n  o f
■'4^ ^p*«nitrophenylp8nicillinc^ I t  i s  p lo t te d  8.s a  fu n c tio n  o f [ H ) ln
' q
G -
FIGURE 11- R a t e s  of  c h a n g e  of a b s o r b a n c e  ( a t  3 6 0  nm)  
in r e a c t i o n  o f  p - m e t h o x y p h e n y l p e n i c i H i n  with a c i d  a t  30PC 
<3 -  o - k o  ^  -  k u n
01
0-1 M
F I G U R E  12* R e a c t i o n  o f  p - m e t h o x y p h e n y l -  
p e n i c i l l i n  w i t h  a c i d  at  30°  C .
"g
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figmre 10<» The gradient of the straight line is 0,0l4 ± 0*002 
This, therefore, is the second-order rate-constant for the reaction 
of p-nitrophenylpsnicillin free acid. At ^ 2, the points lie 
considerahly above this line, ■ This is because, in this pH range, 
significant amounts of p-nitrophenylpenicillin anion are present,
Tliis reacts faster than the free acid.
The rate-constants for the reaction of p«>ni.trophenylpenicillenic 
acid cannot be known with certainty, but a perusal of the above results 
would suggest that these are not greatly affected by the acidity of 
the solution, and have values of 1-2 x 10*”^  s”  ^ttooughout the 
range studied,
p-î€HHOXYPHEKYLPENIGîLLïN
The reaction of p-methoxyphenylpanicillin was studied by 
obseivation of absorbance changes at 360 nm. Buffers both with and 
without HgOlg were employed, and, values for and k^ were
obtained as before. They are summarised in table 24.
Table 24, Reaction of p«methoxyphenylpenicillin at 30°C,
pH 1(A ^  / s " ^ 1 0 ^ 2  / s ”^ l o \  / s “lw'jwwwwinj. ...
0 .9 5 9300 115 7300
1 .0 7 7100 10^ 64oo
1 .1 9 ÿfOO 99 5200
1.33 4450 9 6 .5 4150
1 .4 7 3600 87.5 3500
2 .25 945 110 710
2,46 780 91 510
2 ,71 60^ 84 41^
.82.
Table 24 -  con tinued ,
pH 3.23 3;^ 3.84
1 i335 245 140
These r e s u l t s  a re  i l l u s t r a t e d  in  f ig u re  11. The va lu e  o f  Iîj^  ^
can be tak en  a s  re p re se n tin g  th e  r a t e  o f tran sfo rm a tio n  o f th e  
p en 3 .c illin  in to  p e n ic i l le n ic  a c id , and i t  i s  in  reasonab le  agreem ent 
w ith  k^ th roughout th e  range s tu d ie d . The v a lu e  o f k^, th e re fo re , 
re p re se n ts  th e  r a te  a t  which th e  p e n ic i l le n ic  a c id  r e a c ts .  T his i s  
co n siderab ly  lower th a n  th e  r a t e  a t  which i t  i s  formed th roughout 
th i s  ran g e . As in  th e  oa.se o f  pheny l- and p -n itro p h e n y l-  p e n ic i l l in ,  
t h i s  r a t e  appears to  be alm ost in v a r ia n t  w ith  pH, and k i s  ca, 10 s ” • 
When i s  p lo t te d  a g a in s t  ( ] ( f ig u re  12), a  s t r a ig h t  l i n e
i s  ob ta ined  fo r  pH <  2 , This l i n e ,  however, does not pass through 
th e  o r ig in , bu t has an  in te rc e p t  o f  0,0185 s™^. I t s  g ra d ie n t i s  
0.53 t  0 ,045 P o in ts  f o r  pH ^  2 l i e  co n siderab ly  below th i s
l in e .  The s ig n if ic a n c e  o f th e se  f in d in g s  w i l l  be d iscu ssed  l a t e r .
MB3THIGILLIH
The re a c tio n  o f m e th ic i l l in  was s tu d ie d  by observation o f th e  
absorbance changes a t  330 nm. The r e s u l t s  from b u ffe rs  bo th  w ith  and 
w ithout HgGlg a re  summarised in  ta b le  25 , and a re  i l lu s t r e . te d  in  f ig u re  
13.
This case i s  s im ila r  to  t h a t  o f  p«“n i t r o p h e ï^ l i ^ n ic i l l in .  The 
value  o f k^. may be taken as th e  r a t e  o f re a c t io n  o f m e th ic i l l in .
These v a lu es  are intermediate between k^ and a t  low pH; b u t above 
pH 2 they a re  very  c lo se  to  kp. For pH ^  2, a p lo t  of a g a in s t
- f .[ H ] g iv es  a  s t r a ig h t  l in e  (figure 14) which passes th rough the
X3
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F I G URE  13- R a t e s  of  c h a n g e  o f  a  b s o r b a  n c e  (at 3 3 0  nm ) 
in r e a c t i o n  of  m e t h i c i l l i n  wi th a c i d  at  30°C-
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F I G U R E  14-  R e a c t i o n  of  m e t h i c i l l i n  wi t h  a c i d  
at  30°G-
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Table 25. R eaction  o f  m e th ic i l l in  in  a c id  a t  30°G,
ïSi lO^/s"^ iQ-^ kg /s*"^ l o \  /s-l
9.91 1%0 445
1.02 780
1.15 1150 310 5^0
1.41 815 220 330
1.57 565 185 220
2.24 420 87 87
2.56 405 50 65
2.72 330 39 51
2.83 295 4l 43
2.99 318 32.5 33
3.30 160 18.5 21
3.66 14
o r ig in . The g ra d ie n t i s  0*0805± 0.00^+5 m” > and th i s  may he tak en  
a s  the  second-order r a t e  co n stan t fo r  the  r e a c t io n  of m e th ic i l l in  
f r e e  a c id .
At pH > 2j ought to be a good approxim ation f o r  th e  r a t e  o f 
re a c tio n  o f the p e n ic i l le n ic  a c id . At lower i t  may be guessed t h a t  
th i s  r e a c ts  a t  about th e  same r a t e  a s  i t  i s  form ed. Thus in  th e  
range s tu d ie d  i t  appears to  be r a th e r  more rea .c tiv e  tlm n th e  o th e r  
p h e n y lp e n ic ilie n ic  a c id s  encountered , thoiagh n o t so r e a c tiv e  a s  
b e n z y lp e n ic ille n ic  a c id .  F u r th e r , i t s  r e a c t io n  r a t e  i s  more s e n s i t iv e  
to  changes in  th e  pK, though i t  i s  f a r  from being directly p ro p o rtio n a l 
to  [ ] , a s  is the r a t e  fo r  b e n sy lp e n ic il le n ic  a c id .
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DISCUSSION
Table 26 summarises th e  second-order r a t e  co n stan ts  f o r  th e  
re a c tio n s  o f  a l l  th e  p e n ic i l l in s  so fa.r s tu d ie d  w ith  a c id .
Table 26. Reaction* o f  p e n ic i l l in s  w ith  a c id  a t  30^0.
P e n ic i l l in
b e n zy l- , f re e  a c id  0 .095
, an ion  0.375
, f r e e  a c id ,  in  D^ O 0 .235
phenyl, f r e e  a c id  0.21
p -n itro p h e n y l- , f r e e  a c id  0.014
p-m ethoxyphenyl-, f r e e  a c id  0.53
m e th ic i l l in ,  f r e e  a c id  0.0805
These r e s u l t s  a re  c o n s is te n t w ith the  r e a c t io n  mecimnisin 
i l lu s t r a . te d  in  scheme 22, which in co rp o ra te s  th e  p rocesses originally 
suggested by Woodward e t  in  19^9« I t  i s  suggested  here  tha*t th e
same scheme operates for both the free acid and the anion form of the 
penicillin. This is contrary to the view of Schwartz ", who 
suggested that these species give rise to different products in 
solutions the anion to penicillenic acid, and the free acid to 
penicilloic acid. This theory was invoked to explain why the 
proportion of these two products changed so substantially with the 
pH. It is, however, difficult to envisage why there should be such 
a difference between the reactions of the anion and its conjugate
p e n i c i l l i n
HR C O N
CO„H
CO„H
p e n i c i l l o i c  a c i d p e n i c i l l e n i c  a c i d
COoH
p e n i l l i c  a c i d
SCHEME 2 2
■>
H
R C O N v ,
^ 2 ° 2 '
’V
N-
H CO^H
p e n i c i l l o i c  a c i d
SCHEME 2 3
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acido The mechanism proposed here  s a t i s f a c to r i l y  ex p la in s  th e  
changing p ro p o rtio n s  o f  th e  products^ w hile av o id ing  th e  above-­
mentioned d i f f i c u l ty .
P ro to n a tio n  o f th e  p e n ic i l l i n  by the a c id  lead s  to  the  
form ation  o f a  sm all amount o f ( l ) ,  which i s  th e  re a c tiv e  sp e c ie s .
I t  then  undergoes a rearrangem ent, i n i t i a t e d  by n u c leo p b ilic  a t ta c k  
on the  ^  -lactam by th e  s id e -c h a in , and lead in g  to  in te rm ed ia te  ( l l ) .  
This s te p  i s  norm ally th e  r a te - l im i t in g  process fo r  the r e a c t io n ,  ( I I ) 
re a c ts  f a s t e r  tlian  i t  i s  formed, and i s  transform ed in to  e i th e r  
p e n ic i l lo ic ,  p e n ic i l le n ic  o r p e n i l l i c  a c id . The l a t t e r  two 
tran sfo rm a tio n s  a re  i l l u s t r a t e d  by schemes 5 ^nd 6 on page 9 ,
H ydrolysis to  p e n ic i l lo ic  a c id  i s  i l l u s t r a t e d  by scheme 23 , I t  i s  
suggested  th a t  th e  p e n ic i l le n ic  a c id  tran sfo rm a tio n  i s  a  com pletely 
spontaneous p ro cess , th e  r a te  o f which i s  independent o f  th e  hydrogen 
io n  c o n c e n tra tio n Î however th e  o th e r  two a re  c a ta ly se d  by a c id . These 
two become p ro g re ss iv e ly  slow er a s  th e  pH i s  in c re a se d , b u t psn icill*»  
enic a c id  con tinues to  be formed a t  th e  same r a t e .  This i s  r e f le c te d  
in  the  changing preponderances o f th e  three products i l l u s t r a t e d  by 
ta b le  13 , page 67 ,
The product-detç/*mining s te p s  occur r e l a t iv e ly  q u ic k ly . However, 
th e  o v e ra l l  r a te  o f  r e a c t io n  i s  determ ined by th e  amount o f p ro to m te d  
p e n ic i l l in  ( l )  available, and by how qu ick ly  t h i s  can rea rra n g e  to  
(11), DgO i s  a  weaker base than H^O; th e re fo re  when the reactions 
a re  perform ed in  B^O buffers, th e  co n cen tra tio n  o f ( l )  i s  substantially
increased. This i s  r e f le c te d  in  an increased r a t e  o f reaction. The Iequilibriu iR  co n ce n tra tio n  o f ( l )  i s  also in c re ase d  i f  the penicillin ]
e x is t s  in  i t s  anion form r a th e r  than  the  f r e e  a c id  form. Thus the 
second-order rate constant i s  h ig h e r in  the  h ig h e r pH ran g e .
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Confirmation that the rearrangement of (l) is rate-determining 
is afforded by observing the manner in which the side-chain affects 
the reaction rate. When the benzyl group is replaced by phenyl the 
rate doubles. This is because the side-cliain carbonyl, in direct 
conjugation with the benzene ring, withdraws negative charge from 
that ring and thus becomes more nucleophilic. This effect is reversed 
when a second electron-withdrawing garoup (-NO^ ) is attached to the 
opposite end of the benzene. The p-NO^  group pulls charge amy 
from the carbonyl, thus making it less nucleopbilic, GH^O- is a 
strongly electron-donating substituent, so the p-methoxyphenyl group 
makes the carbonyl even more nucleopbilic than before. It might have 
been expected that methicillin, with its two methoxy groups, would be 
the most reactive of all the ihenylpenicillinsj but its rate consta-nt 
is very similar to that of benzylpenicillin. This may be attributed 
to steric hindrance. Further examples of side-chain effects on the 
reaction rate are the cases of ampicillin and penicillin V, These are 
particularly noted for their stability towards acids; and their 
résista,nee may be attributed to the presence of an electronegative 
atom close to the side-chain carbonyl, whose nucleophilicity is 
therefore much reduced, (At this point, it may be intructive to 
compare the action on various penicillins of CH^I /Ag^O, This was 
discussed in chapter 2, The ease with which the JB -lactam nitrogen 
is methylated also seems to be affected by the nucleophilicity of 
the side-chain,)
In this proposed mechanism, penicilloic acid is thought to 
arise from hydrolysis of (II ), rather than by direct acid-catalysed 
hydrolysis of the penicillin itself. Direct hydrolysis of the 
penicillin ought to occur by the same mechanism as the acid-catalysed
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h y d ro ly s is  o f 6-APA. I t  i s  known^^ th a t  6-APA, in  common w ith  most 
amides and, indeed , most JB - la c ta m s ^ ,  hydro lyses extrem ely slow ly  
in  a c id . I f  th e  p roduction  o f p e n ic i l lo ic  a c id  were s o le ly  dependent 
upon th e  same mechanism, i t  would take p lace  a t  a  r a t e  f a r  slow er 
than  th e  p roduction  o f o th e r  p roducts; and so i t  could  no t be formed 
in  th e  p ro po rtions which i t  ev id en tly  i s  formed in  (4-5/^). Any 
e x p lan a tio n  o f why th e  p e n ic i l lo ic  a c id  o f a p e n ic i l l in  forms 
s u b s ta n t ia l ly  more qu ick ly  th an  th a t  o f 6-APA must positu late  some 
Involvement o f th e  s id e -c h a in ; and the  ro u te  v ia  in te rm ed ia te  ( l l )  i s  
the  most obvious su g g es tio n .
Before le av in g  th i s  m a tte r , the  case  o f p -m ethoxypheny lpan icillin
re q u ire s  some f u r th e r  comment. R esu lts  a t  the low pJi range s tro n g ly
su g g est that th e re  i s  a  non«catalysed  re a c t io n  ta k in g  p3ace a t  a
s ig n i f ic a n t  r a t e ,  as  w ell a s  a c a ta ly sed  one. A lso, a s  th e  pH i s
r a is e d  above 2, th e  r e a c t io n  i s  slower th an  would be p red ic ted  by
e x tra p o la t io n  o f th e  r e s u l t s  from pH<C 2, In  both th e se  re s p e c ts  the
belm viour i s  markedly d i f f e r e n t  from th a t  o f  any o th e r  p e n ix i l l in
s tu d ie d  in th i s  work. The rate-enhancem ent caused by th e  p-methoxy
s u b s t i tu e n t  is 2.5; b u t a c o n s id e ra tio n  o f  l in e a r  f r e e  energy 
83re la t io n s h ip s  would suggest th a t  i t  ought to  be l a r g e r  than t h i s .
(S^-h f o r  a.nd a re  0 .78 and -0 ,7 9  re s p e c tiv e ly . A p o ss ib le
ex p lan a tio n  f o r  the s tran g e  behaviour o f t h i s  p e n ic i l l in  i s  t im t  the 
p-OGiy s u b s t i tu e n t  causes ( l )  to  rea rran g e  so f a s t  th a t  th i s  
rearrangement ceases to  be th e  rate-determining s te p . The re a c t io n  
o f ( l l )  then  becomes ra te -d e te rm in in g . (The r a te  a t  which ( l l )  
r e a c ts  i s  u n lik e ly  to  be much a f fe c te d  by the nature o f th e  s id e - c h a in .) 
As suggested  above, one o f  th e  th re e  p o ss ib le  reaction pathways for 
( I I ) , i t s  conversion  to  p e n ic i l le n ic  a c id , i s  no t acid-catalysed.
—1The value  o f 0.0185 s would re p re se n t th e  rate o f t h i s  re a c tio n  
th roughout the  pH ran g e . I t  i s  th e  minimum r a te  a t  which ( l l )  r e a c ts .  
In  th e  h igher pH range, though, the  o v e ra l l  re a c tio n  does proceed 
slow er tha,n t h i s .  This would be because, w ith  a  low er hydrogen io n  
co n cen tra tio n , th e  p roduction  o f  ( I I ) becomes slow er than  i t s  r e a c t io n ;  
i e  th e re  i s  a  change in  th e  ra te -d e te rm in in g  s te p .
F in a lly , some remarks concerning th e  s t a b i l i t y  o f the  p e n i c i l l ­
en ic  a c id s . I t  i s  ev id en t t h a t  the  phenyl compounds enjoy a  f a r  
g r e a te r  s t a b i l i t y  th an  the benzyl compound. This can be a t t r ib u te d  
to  th e  ex tca con ju g atio n  between the  phenyl and oxazolone r in g s .
Because o f th i s  e x tra  co n ju g a tio n , the  tra n sfo rm a tio n  o f ( I I ) in to ' 
p e n ic i l le n ic  a^cid occurs a t  a  f a s t e r  ra te ?  and th e re fo re  i t  i s  
formed in  g re a te r  abundance tlm n i s  b e n z y lp e n ic ille n ic  a c id  th rough­
ou t the  a c id  pH range. Once formed, i t  i s  a lso  slow er to  r e a c t .  I t  
i s  not th a t  p h e n y Ip e n io ilie n ic a c id s  a re  le s s  r e a c tiv e  than  
b e n z y lp e n ic ille n ic  a c id  g e n e ra lly  (because both  d isappear f a i r l y  
q u ick ly  in  n e u tra l  aqueous so lu tio n )?  i t  i s  r a th e r  th a t  th e  phenyl 
compounds are cu rio u s ly  in s e n s i t iv e  towards a c id , A b r ie f  p e ru sa l o f 
th e  way th e  products change w ith  pH^ "^  would su g g est that th e  
mechanism o f degrade.tion o f benzylpenioillenic a c id  was a  pH -indep- 
endent rearrangem ent to  p e n i l l i c  a c id  combined w ith  an a c id -c a ta ly se d  
h y d ro ly sis  to  penamaldic a c id . In  th e  case o f p h e n y lp e n ic ilie n ic  
a c id , i t  appears th a t  t h i s  l a t t e r  re a c t io n  i s  m issing , s in ce  
penamaldic a c id  cannot be d e tec te d  among the  p ro d u c ts , and th e  
e n t i r e  re a c t io n  i s  v i r t u a l ly  independent o f pH. Why th i s  shou ld  be 
so i s  d i f f i c u l t  to  say.
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imODUGTION
In  re c e n t years th e re  has heen in te r e s t  in  the  re a c t io n  
between p e n ic i l l in s  and th e  h e te ro c y c lic  base imidazole (^3)* This
Acwas first investigated by Grant et al. and more recently the matter 
has been taken up by Bundgaard^^, There are two reasons why this 
reaction should be of pa.rticular interest.
F i r s t l y ,  i t  p rovides a  convenient and qu ick  method o f  p e n ic i l l i n  
assay  by sp ec tro p h o to m etric  ana.lysis'^'^. This i s  because im idazole 
c a ta ly se s  th e  tra n sfo rm a tio n  o f p e n ic i l l in s  ( 3 ) in to  the corresponding  
p e n ic i l le n ic  a c id s  (28) in  v i r t u a l ly  q u a n t i ta t iv e  y ie ld .  The in te n se  
u l t r a v io le t  absorbance a ss o c ia te d  w ith  p e n ic i l le n ic  ac id s  a llow s th e i r  
co n cen tra tio n s  to  be determ ined a c c u ra te ly  and r e la te d  to  th e  o r ig in a l  
co n cen tra tio n  o f  p e n ic i l l in .  In  th e se  experim ents, th e  extrem ely  
l a b i l e  p e n ic i l le n ic  a c id s  a re  s ta b i l iz e d  in  s o lu t io n  by the  presence 
of an e q u iv a len t amount o f m ercu ry (ll)  io n . A lthough p e n ic i l le n ic  
a c id  i s  a ls o  formed by th e  re a c tio n  o f p e n ic i l l i n  w ith  aqueous a c id , 
i t  i s  in  th i s  case only one o f  several products ; so th i s  r e a c t io n  
cannot form th e  basis o f an assay . In  th e  im id azo le -ca ta ly sed  
re a c tio n , i t  appears that p e n ic i l le n ic  a c id  i s  th e  so le  p ro d u c t.
Second, there Ims been a growing interest in the reactions of 
penicillins with amines generally. This is related to an interest in 
the nature of penicillin allergies. The principle antigenic 
determinant of penicillin allergy is thought to be a penicilloyl 
group bound by an amide linkage to the g -amino group of a lysine 
residue in protein (44)^^' This could arise either from
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d i r e c t  am ino lysis o f th e  p e n ic i l l in  in  v iv o , o r by am inolysis  o f  th e
more re a c t iv e  p e n ic i l le n ic  a c id . In  v i t r o  s tu d ie s  Imve shown tha.t
bo th  am inolysis  o f p e n ic i l l in  and i t s  tran sfo rm a tio n  to  p e n ic i l le n ic
a c id  a re  exceedingly  slow p rocesses a t  a  p h y s io lo g ic a l pH, However,
t h e r e •i s  reason to  suppose th a t  th e se  re a c tio n s  can proceed much
f a s t e r  in  l iv in g  system s. I t  h as, f o r  example, been shown th a t
copper(II) io n s  (which a re  p resen t in  human serum to  th e  e x te n t of
0,016 mM) in c re a se  th e  rate o f am ino lysis  o f p e n ic i l l in  G by a
f a c to r  o f up to  10^. A lso , even a t  n e u tra l  pH, th e  im idazo le-
ca ta ly sed  tra in s fo n m tio n  to  p e n ic i l le n ic  a c id  i s  r e la t iv e ly  f a s t ,
( i t  proceeds f a s t e r  th an  most am inolyses a t  n e u tra l  pH pe,rtly
because o f im idazole*s low " te s ic ity . I t s  a t  35*G i s  6 . 9 6 ,
compe.red w ith  9 .41 f o r  g ly c in e  and 10.55 f o r  ly s in e .  )
Im idazole i s  p re se n t in  l iv in g  system s, incorporated in  the
h is t id in e  re s id u e s  o f p ro te in . This b io lo g ic a l imidazole i s  thought
to  p lay  an im portan t ro le  in  the  a c t io n  o f enzyiaes such a.s
90chym otryi^in , which c leav e  th e  amide linkages o f p ro te in s  . In  i t s
re a c t io n  w ith  p e n ic i l l in ,  i t  i s  ag a in  an amide lin k ag e  which i s  cleaved. 
86Bundgaard has s tu d ie d  the k in e tic s  o f  th e  re a c tio n  o f  
b e n zy lix sn ic illin  w ith  im idazo le . He f in d s  t h a t ,  w ith  imidazole in  
excess, th e  r e a c t io n  i s  f i r s t - o r d e r  w ith  respect to  p e n ic i l l in .
However, th e  f i r s t - o r d e r  rate constants are no t d i r e c t ly  proportional 
to im idazole co n ce n tra tio n , b u t rather fo llow  th e  r e la t io n s h ip  (1),
k p ts  -  [ Im ) [ ImH'*' ] + fcg | Im ] ^ -  ( i )
Here [ Xm ] i s  the co n cen tra tio n  o f im idazole free lase and [ IïïiH ] 
th e  co n cen tra tio n  o f i t s  conjugate a c id , the im idazolium  io n .
CO:
NH
-H"t o :
H S
HN
t o _
S C H E M E  2 4
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(o th e r  w o r k e r s do claim  to  have observed a  t h i r d  term  in  t h i s  r a te  
ex p ress io n , o f  th e  form ly  [ Im ] . However, t h i s  term i s  in s ig n i ­
f i c a n t  in  comparison with the f i r s t  two.
These term s in  th e  r a t é  equation a re  interpreted by Bundgaard 
as  a r is in g  from n u c leo p h ilio  attack o f im idazole free base on th e  
J3 *-lacta,m carbonyl o f  th e  p e n ic i l l in .  This i s  a s s i s te d  bo th  by 
g en e ra l base c a ta ly s is  from an o th er im idazole m olecule (k^ terra) 
and by general a c id  c a ta ly s is  from an im idazolium  io n  ( ïy  term).
This i s  summarised in  scheme 24 s te p  A, Ihe r e s u l t in g  p e n ic i l lo y l -  
im idazole th en  decomposes a s  a r e s u l t  o f an in tram o le c u la r  n u c leo - 
p h i l ic  a t ta c k ,  lead in g  to  expu lsion  of im idazole and form ation  of an 
o x azo lo n e -th iazo lid in e  s t ru c tu re  ( s te p  B). T iiis, as has been 
observed previously, i s  unstable and rea rran g es  to  p e n ic i l le n ic  a c id  
(s te p  G).
In th e  case of most am inolysis  re a c tio n s  o f  p e n ic i l l in ,  the
goultimate product i s  th e  psn ic illoy la ra ide^* '. In  o th e r  words, th e  
reaction would cease after the eq u iv a len t o f step A. However, 
N -acylim idazoles are known to  be far more susceptible to  n u c le o p b ilic  
a t ta c k  th an  conventional amides^. (This is because the  e le c tro n  p a ir  
from nitrogen, which i s  normally involved in  resonance with the 
carbonyl group, is p a r t  o f th e  arom atic  im idazole ring. The pK^ o f 
acetylimidasole, f o r  example, is 3 . 8 , compared with values less tM n  
zero fo r  ordinary amides. )  Thus step B takes place eas ily ?  i t  is 
entirely analogous to th e  in tram o le c u la r  attack postulated earlier 
for the acid-oatalysed r e a c t io n  o f penicillins.
Step A is envisaged as being rate-determining. But although 
t h i s  step Incorporates a l l  th e  ideas necessary to explain th e  observed 
rate law, i t  does not satisfactorily account for it on i t s  own.
^2.
F i r s t l y ,  th© te tra ra o le c u la r  collision envisaged h e re  would b©
im possib le . Second, th e  type o f  g e n e ra l 'base c a ta ly s is  d e p ic ted
does not make sense in  t h i s  co n tex t. Such a  scheme (involving two
im idazole m olecules) has been p o s tu la te d  in  th e  p a s t ^  to  e x p la in  a 
2term  in  [ Im ] in  th e  imidazole-catalysed h y d ro ly s is  o f e s te r s  
w ith  poor leaving groups (such as p~methylphenyl acetate); however 
in  t h a t  case th e re  was no dependence o f r a t e  on [ ImH ] . The f a c t  
th a t  [ ImH  ^ ] does appear in  th© r a te  ex p ress io n  f o r  th e  r e a c t io n  
w ith  p e n ic i l l in  means, f o r  reasons which w i l l  be exp lained  l a t e r ,  
t h a t  proton t r a n s f e r  must be the slow step, and n u c le o p b ilic  a t ta c k  
by imidazole on p e n ic i l l in  must be faster. Increasing the nucleo­
p h i l i c i ty  of imidazole, by in te r a c t io n  w ith  a  second imidazole
m olecule, must make th i s  s te p  f a s t e r  s t i l l ;  bu t s in c e  the  term in
?q u e s tio n  depends only on [ Ira ] ", t h i s  s te p  would have to  be r a t e -  
de term in ing , I t  cannot speed up and become the slow s te p  a t  one and 
th e  same tim e.
A more d e ta i le d  d e sc r ip tio n  of t h i s  part o f th e  mechanism i s  
th e re fo re  called for. To t h i s  end, i t  was decided  to  embark on a 
w ider in v e s t ig a t io n  o f the e f f e c t  o f imidazole on benzylpenicillin. 
A fte r  repeating th e  o r ig in a l  work of Bundgaard, a determination o f 
so lv en t k in e t ic  iso to p e  e f f e c t s  was undertaken . A fte r  this, s u b s t i ­
tu te d  imidazoles were investigated. Of p a r t i c u la r  interest was the 
e f f e c t  of using N-m ethyliraidazole (4 5 ), as tM s  would be unable to  
provide general base c a ta ly s is  o f the type envisaged  i s  step A. It 
was hoped th a t  th e se  studies would shed more l i g h t  on the mechanism.
"A;
N-methyl  imidazole
( 4 6 )
H t  NH
2 -methyrimidazole
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EXPERIMENTAL
A. MATERIAI8
The ira idaso le  was s p e c ia l ly  p u r if ie d  by i t s  m anufacturer (BDK) 
fo r  use in  u l t r a v io l e t  s tu d ie s*  N-methylim idazole and 2-m ethyl im idazole 
(46) were purchased from A ld rich  Company, and used w ithou t f u r th e r  
p u r if ic a t io n .
Stock s o lu tio n s  o f th e  im idazole (ca . IM) were prepared by 
d is so lv in g  a known weight o f  th e  substance in  w a ter, and making up to a 
known volume in  a  s tan d a rd  f la s k .  The c o n cen tra tio n  w*a-s then checked by 
t i t r a t i o n  a g a in s t  a  s tan d a rd  (IM) o f h y d roch lo ric  a c id ,  w ith  m ethyl re d  
a s  in d ic a to r .
B uffer s o lu tio n s  were prepared  by su ita .b le  m ixtures o f th e  stock  
im idazole s o lu tio n s  and ÏÏC1 s o lu tio n . The io n ic  s tre n g th  was a d ju s te d  to  
0.5M by a d d itio n  o f c a lc u la te d  amounts o f potassium  c h lo rid e . A ll th e  
s o lu tio n s  were made up w ith  w ater co n ta in in g  lO"'^ M o f m ercuric c h lo r id e ,
D euteria,ted b u ffe r  s o lu tio n s  were prepoxed in  an  analogous manner.
The im idazole was f i r s t  d is so lv e d  in  a l i t t l e  DgO, and the  s o lu t io n  allow edj 
to  evaporate to dryness. This procedure was then  repeated, to ensure  .!
complete exchange o f  deuterium f o r  the  la b i le  hydrogen. The d e u te r ia te d  
Im idazole was th en  made up in to  so lu tio n  as  before, and i t s  co n ce n tra tio n  
determ ined by t i t r a t i o n ,  A 20^ so lu tio n  o f BGl in  D^O was purchased from 
A ld rich  Company. This was d ilu te d , to  approxim ately  IM a c id  w ith  D.O, and 
th e  f i n a l  concentration determined by t i t r a t i o n  a g a in s t  standard IM 
sodium hydroxide s o lu tio n , w ith  pheno lph thalein  a s  in d ic a to r .
B. IROŒ&WKB
Rate co n stan ts  were determ ined by fo llow ing  th e  in c rease  in  o p t ic a l  IId e n s ity  a t  3^5 The procedure fo r  th i s  has been o u tlin e d  b e fo re  |
(ï©,ge 53)» In  each experim ent, the  i n i t i a l  c o n ce n tra tio n  of b e n zy l-  |
p e n ic i l l i n  was 4  -  6 x 10~^M. A ll experim ents were perform ed a t  ;j
The pH o f th e  b u ffe r  s o lu tio n s  was not measured d i r e c t ly .  Where
quoted , i t  has been e stim ated  from th e  exp ressio n
pH -  pKg^  -  log^Q A ^  [ im ] j  -  (11)
where, a t  3?®C, pK^  fo r  im idazole i s  6 , 96 , fo r  N-methylim idazole i t  i s  7 * ll j  
and f o r  2-m ethylim idazole i t  i s  7. 89 ,
RESULTS
A, PRELIMINARIES
Bundgaard^^ asserted t h a t ,  in im idazole b u ffe r  s o lu tio n s , 
b e n z y lp e n ic il l in  i s  com pletely converted  in to  p e n io il le n io  a c id . This 
hypo thesis  was te s te d  w ith  th e  s u b s t i tu te d  im idazo les , by n o tin g  th e  
maximum optical d e n s it ie s  ( a t  322 nm) reco rded  fo r  s o lu tio n s  o f
b e n z y lp e n ic il l in  in  th ese  b u f f e r s .  The r e s u l t s  a re  in  table 27*
Table 27* % conversion  o f b e n z y lp e n ic il l in  to  penioillenio acid.
C oncentra tion  o f b e n z y lp e n ic il l in  in  b u ffe r  “ 4 .9 7  x 10 M
S'}22  b e n z y lp s n ic il le n ic  acid " 2,63 x 10^
B uffer based on Max, O.D, (322 nm) % conversion  o f p e n io il le n io  a c id  
Imidazole 1.314 100.6
N-methylimidazole 1,262 9^*6
2-m ethylim idazole 0.694 53*1
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a s s e r t s  t h a t  th e  m ercuric c h lo rid e  present in  
th e  s o lu tio n s  has no e f f e c t  on th e  m te  o f r e a c t io n  o f  b e n z y lp e n ic il l in , 
Tlie e f f e c t  o f v a ry in g  th e  c o n ce n tra tio n  o f m ercuric c h lo rid e  is shown 
in ta b le  28.
Table 28. E ffe c t o f  [ Hg^^] on re a c t io n  o f b e n z y lp e n ic il l in  w ith  
im idazole a t  37^0.
[ Im ] ^ “ 0.3M| [ B e n z y lp e n ic illin  ] *= 5*3 x 10 pH '/DO
[HgGl ] /m  O.D. (325 im) l o \  , /s**^
1 X 10~^ 1 .2 6
8 X 1 0 ^  1 .33
•6 X 10"^ 1 .30
4 X 10"^ 1 .2 9
1 X 10“^ 1 .25
8 X 10"^ • 1 .08
4 X 10*^ 0 .7 4
2+These r e s u l t s  in d ic a te  th a t  th e  c o n cen tra tio n  o f  Hg does no t 
liave any e f f e c t  upon th e  re a c t io n  rate, provided th a t  enough is p re se n t 
to complex w ith  a l l  o f  th e  p e n ic i l le n ic  a c id . I f  th i s  co n d itio n  i s  n o t 
met, then  th e  th e o r e t ic a l  maximum o p tic a l  d e n s ity  i s  not ach ieved , and 
the observed r a t e  co n stan ts  are h ig h e r ttm n th ey  should  be. This apparent 
in c rease  o f r a t e  c o n s tan t i s  an a r t e f a c t ,  arising from th e  d eg rad a tio n  
o f unoomplexed p e n io il le n io  a c id , a  process which g ives r i s e  to  fu r th e r  
changes in  th e  o p t ic a l  density.
I t  may be asked w hether th e  spectrum o f  benzylpenlcillenio acid 
mercuxy m ercaptide i s  in  f a c t  th e  same as th a t  o f f r e e  p o n ic i l le n ic  a c id .
max o a t maxfj.iT.w.'—aiiwi >r—rt
322 nm 22,300
320 nm 23,4oo
338 nm 16, 500
322 ma 21,300
■*96-
Table 29 details measurements which were made on s o lu tio n s  o f a u th e n tic  
b e n z y lp e n lc ille n io  a c id  in  d i f f e r e n t  solvents.
Table 29. E x tin c tio n  c o e f f ic ie n t  o f  b e n z y lp s n ic il le n ic  a c id  
P e n io il le n io  a c id  »= 4 ,8  x 10*%
S olven t
e th an o l 
w ater
HgGlp so ln  (10"^M)
HgGlg so ln  (10*^M) with KGl (0,5M)
T h ere fo re , a lthough  th e  presence o f Hg" io n  does a l t e r  th e  sp ec tru il
of b e n z y lp sn ic ille n ic  a c id  q u ite  co n sid e rab ly , t h i s  e f f e c t  i s  no t observed  ■
when potassium ch lo rid e  i s  present. -
I t  i s  known^^ that the mercury ( I I  ) ion  forms a complex w ith  ;
im idazo le.
During th e  experiments, however, no adverse effects were detected which
might a r i s e  from t h i s  com plexation. However, v î i th /\|*=’m ethylim idasole o.nc{ 
2-m ethylim idazole buffers, considerable p r e c ip i ta t io n  occurred if th e  
c o n cen tra tio n  o f  io n  was r a is e d  above 4 x 10"^M© This p r e c ip i ta te
may be th e  complex with mercury o f the substituted im idazo le , The effect 
was not observed w ith  Im idazole i t s e l f *
(H) ( a )
02
grad
[Imhf  ]
( b)
FI GURE 15.  R e a c t i o n  of  b e n z y l p e n i c i l l i n  
wi th i m i d a z o l e  at  3 7 ° C -
"97"
B, IMIDAZOLE
Tgtble 30. R eaction  o f  b e n z y lp e n ic i l l in  w ith imidazole a t  37^0.
lO'^ [ Im ] j/ m
•ew™^**ewwE»«*iarrfei»eaa»»<s*«jr*ai*ea» «bbtib
A*- [ M ' ^ ] / [ Im ]
pH 6,66
9 .8
7 .8
^ .9
3 .9
10^ k / s '
1 2 .5
7 .6
4 .4
1 .6 5
10 I Im] /M  , Ip )  k ^ ^ ^ /s ’
B -  [iniH '*']/ [Ira] " 1 .3 1  
pH *" 6 .8 4
12.7
10.2
7 .6
.5.1
14.0
9 .4
5 .5  
2 .35
G -  [ m ' ^ J /  [ Im j -  0 ,76 
pH -  7.07
16,7  16 ,5
13 .3  10 .0
1 0 ,0  6 .3
6 .7  2 .55
D « [ImH ] / [  Im) = 0 .5  
pH « 7 ,26
1 9 .6  1 6 .0
1 5 .7  1 1 .0
11 .8  6 .3 5
7 .8  2 .3
A p lo t  o f  k ^ [ Im ]p a g a in s t  [ Im ] ^ i s  shown in f ig u re  15&, 
It oe.n be seen that each slet of points forms a straight line passing
th rough the origin, the g ra d ie n t o f  which i s  dependent upon th e  pH. 
At a f ix e d  pH, then
kobs V . d  I 1 ( i l l )
The v a lues o f k ^ a re  summarised in  table 3I, and p lo tte d  in  f ig u re
15b a g a in s t [ Imîï  ^] /  [ Im ] .
I h f '  s " ')  y  A
7
6
5
4
3
2
[Im] (Ml
(a)0 201
6
U
?
0 2
FI GURE 16 .  R e a c t i o n  of b e n z y l p e n i c i l l i n  
w i t h  I mi d c z o l  e / D 2 O a t  37°C.
.98"
Table 31,. R eaction  o f b e n z y lp e n ic i l l in  w ith  im idazole a t  3/^G* 
S o lu tio n  ) /  [ I™ ] 10^
A 2 12 .7
B 1 .31  9 .1
G . 0 .7 6  5 .8
D 0 .5 0  4 .4
Figirre 15b shows a s t r a ig h t  l in e  w ith  a  non^zero in te r c e p t .  This 
means th a t  the  o v e ra l l  r a t e  equation  i s
•'obs “ [ Im ] ^ -  ( i )
From measurements on th e  g ra d ie n t and in te rc e p t  o f f ig u re  15b, 
k] -  5 .8  X 10"‘^  s “^ and kg == 1 .5  x lO"^ s ~ l .
0. SOLVENT KINETIC ISOTOPE EFFECT (IMIDAZOLE)
Table 32. R eaction  o f b e n z y lp e n ic i l l in  w ith  imidazole/DgO a t  37^G,
10^ [ Im ] / m 10^ [ I m] /M l O ^ k ^ ^ / s - ^
A -  [ItnD'^] /  [ Im ] -  2,01 B « lXmD‘^ ] / [ X m ]  = I.30
1 1 .4 6.2 14.5 10.0
9 .1 5 .7 11 .6  6 .4 5
6 .8 3.0 8 .7  3.9
4 .6 1 .5 5 .8  1 .7
C « [ W " ]  /  [ Im j ™ 1,00 D [ /  I Im] -  0.49
1 6 .7 10.0 22.3 11.5
13.4 6.7 1 3 .4  4 .5
10.0 3.9 8.9 1.85
6 .7 1.95
[NMIm ] ( M )
0-3 ( a )0 020.1
grad
5
A
3
2
[NMImH ]1 . [NMIm ] 
2 ( b )0 1
FI GURE 17. R e a c t i o n  o f  b e n z y l p e n i c i l l i n
wi th N - m e t h y l i m i d o z o l e  at  37®C.
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These r e s u l t s  axe p lo t te d  in  f ig u re  16, a.nd summarised in  ta b le  33<
Table 33» R eaction  o f  benzylpenicillin w ith  imidazole/DpO a t  37^0,
[ I mD' ^] / [  Ira] 10^S o lu tio n
A
B
G
D
*2 ““1s
2.01
1.30
1.00
0 .49
6.7
4.8
3.7
2 .4
T h erefo re , in  th e  d e u te r ia te d  b u f f e r  solutions, th e  r a t e  constants, 
by in sp e c tio n  o f figure l6b a re s  k, -  2.9 x lO"^ s“^ and kp « 1.0
X XO-3
D. N-MBTHYLIMIDAZOIB
Table 3^« R eac tion  o f  'b e n z y lp e n ic illin  w ith  N-methylimldazole a t  y}^Q.
10^ [ NMIm ] /M 10^
«wjruat mu.mtu *#i"m
10^ [ imjrn ] /m 10^
## mu w w *  VNW' i##T ,iatini"Tw«as>
A -[NMImH'^] /  1 NMIm] = 2.0 B -  [NMImH’^ '] /  [NMIm] « 1.18
pH 6.80 pH = 7.03
12.5 7.0 17.2 7.85
10.0 4.5 13.8 5.05
8 .0 3.15 11*0 3.5
6 .4 1.75 8.8 1.85
a -  1 NMImH'^ ] /  [ NMIm] =-= 0.85 D “ [ ] /NMIm] - 0.5
pH " 7.18 pH = 7.41
20.4 7.7 31.4 9.5
16.3 5.0 25.1 7.0
1 3 .0 3.5 20.1 5.0
10.4 1.98 12.8 1.9
«100-
Once a g a in , i t  was found th a t  a p lo t  of ] against
[ NMIm ] at co n sta n t pH gave a  s t r a ig h t  l in e  passing tiirough th e  o r ig in  
( f ig u re  17 ) B (However, experim ents performed w ith  h ig h e r c o n ce n tra tio n s  
o f N*9metViylimidazole gave p o in ts  which f e l l  below th e  a p p ro p ria te  line, ) 
Thus, equation  ( i i i )  holds t ru e  f o r  N -m ethylim idazole, The values o f 
^grad reco rded  in  ta b le  35»
Table 35® R eaction  o f  "W nzy lp en ic illin  w ith  N-methylim idazole at 37^0, 
S o lu tio n  [ NMImH'^ ] /  | NMIm] 10^ ^g rad /^"^
A 2 .0  4 .5 5
B 1.18  2 .7
G 0.85  2 .0
D 0 .5  1 .2
The s t r a ig h t  l in e  in  figui^e 17b th i s  tim e p asses through th e  
o r ig in , Thim th e  o v e ra ll  rate equation  o f N^methylimidazole i s
^obs ^  I ] [ NMImH'*' ] - (iv).
I^om fig u re  17b, *■- 2 ,3  x 10 ^ M ^ s
3[NMIm] (M )_ j ____
0 4  ( a)0 3010 02
grad
[NMImD"]
(NMIm]
20 (b)
FI GURE 1 8 .  R e a c t i o n  o f  b e n z y l p e n i c i l l i n
wi t h  N - m e t h y l i m i d a z o l e / D 2O at 3 7 ° C-
"101.
E, SOLVENT KINETIG ISOTOPE EFFECT (N«METHYLIMIDAZ0LE)
Table 36 . R eaction  o f ‘b e n z y lp e n ic il l in  w ith  N -m ethylim idazole/D_0. a t  yf^Q
10^ [ KMIm ] /m X(P 10^ [ NMIm ] / m
A — [ NMImD*^ '] /  [ mirn] "  1 .3 8 B " t NMImD*^  ] /  [ NMIm ] -1 .03
26 .0 8 .0 3 0 .5 8 .2 5
20.8 6 .1 5 24 .4 6 .4
15 .6 3 .6 ^ 18.3 3 .7 5
l( / j4 1 .4 5 12 .2 1 .6
G - [ NMImD*^ ' ] / [ N M I m ]  - 0 .5 7 D -  [ NMImD'^  ] /  [ NMIm ] « 0 .4 l
3 9 .5 8.0 44 .0 7 .0
3 1 .6 5 .8 35 .2 5 .1
2 3 .7 3 .6 5 2 6 .4 3 .1 5
1 5 .8 1 .6 5 17 .6 1 .4 j
These r e s u l t s  a re  p lo t te d  in  f ig u re  18, and th e  va lues o f  
^grad  summarised in  ta 'b le  37.
Table 37. R eaction  o f  b e n z y lp e n ic i l l in  w ith  N^methylimidazole/DgO a t  37°G.
S o lu tio n  [ ] /  [ NMIm ]
A 1 .3 8
B 1 .0 3
G 0 .5 7
D 0.41
10
15 
11 
6.1  
4 .3
Prom in sp e c tio n  o f f ig iire  1 8 b , i n  th e  d e u te r ia te d  b u ffe rs  i s
1 .08 X 10 ^ M ^ s
18 -
1 2 -
l2MIm] (M)
02010
FIGURE 1 9 .  R e a c t i o n  o f  b e n z y l p e n i c i l l i n
wi t h  2 - m e t h y l i m i d a z o l e  at  37°C.
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P. 2-ME'THYLIMlDAZOLE
Table 38 , R eaction  o f  b e n z y lp e n ic il l in  w ith  2«m ethylim idazole a t  37^G«.
10^ [ 2MIm ] / m
liLia I li. ii.'V.tTO.»<««e4tXa«
10^ [ 2MIm ] /M
A - 2MIiu] = 0.75 B -  [ 2MImH"*' ] y(2MIm] = 1 .35 1
pH .= 8,01 . IH "  7.75 1
1 5 .8 1 9 .5 11 .8 14.2
1 2 .6 14 .7 9 .4 10 .3 1
9 .5 11.3 7 .1 7 .7 !
6 .3 8 .7 4 .7 '5 .3
G -  [ 2MM ] /  [ 2MIm] -  2 .55  
pH -  7.48
7 .8
6.2
4 .7
3 .1
8 .3  
6.8
5 .0
3 .3
I t  3.S found in  th i s  case  th a t  a  s t r a ig h t  l in e  i s  obtsdned when 
^obs p lo tte d  a g a in s t  [ 2MIm ] , and th a t  th e  same l in e  i s  o b ta in ed  
re g a rd le s s  o f th e  pH, This l in e  p isses, through th e  o r ig in .  I t  i s  
shown in  f ig u re  I 9 . (Again, i f  th e  experim ents a re  performed a t  
co n cen tra tio n s  o f  2-m ethylim idazole h igher th an  t h i s ,  th e  p o in ts  do 
no t co incide  w ith  th e  l i n e . )
T herefo re , th e  r a t e  eq u a tio n  fo r  2-m ethylim idazole i s
-  (v).
By in sp e c tio n  o f f ig u re  19» 1 .2  x 10 M s
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G. s o iv m r  ICINKTIG ISOTOPE EFFECT (2-METHYLIMIDAZOLE )
Table 39. R eac tion  o f  b e n z y lp e n ic il l in  w ith  2~methylinridazole/D^0 a t  37^0, 
[ 2MImD"^  ) /  [ 2MIm] "  1 .6 0
M L i S i S a J j ! !  17 .3  14 .4  11 .5
11.0 8.9  7.2
Again, a  s t r a ig h t  l in e  i s  obtaAned when i s  p lo tte d  against 
I 2EIm ] . .  ^ . • . I t s  g ra d ie n t i s  6 .2  x 10 ^ M ^ s  ^ .
K SUMMARY
In  g e n e ra l, th e  r a t e  equ3,tion i s
^obs ^1 I 1 I i kg [ Im ] ^ [ Im ]
The v a lu es  fo r  th e se  r a te  c o n sta n ts  are summarised in  table 4o.
Table 40« R eaction  o f  b e n z y lp e n ic i l l in  w ith  substituted im idazoles a t  37°Cj,
10  ^ k^M"  ^ 10  ^ kg/M“  ^ s “  ^ 10^ kVM"  ^ s |
Im idazole (HgO) 5 .8  1 .5
Im idazole (DgO) . 2 .9  1*0 -
N-methylim idazole (HgO) 2*3
N-m ethylim idazole (DgO) 1 ,08  -  ~
2-methylimida.zole (HpO) -  -  1 .2
2-m ethylim idazole (DgO) •» -  0 .62
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DISCUSSION
On th e  "basis o f th e  fo reg o in g  r e s u l t s ,  th e  mechanism o u tlin e d  ^
in  scheme 25 i s  suggested  to  account fo r  s te p  A in  B und^ard*s .proposed f
scheme (scheme 24).
I t  i s  envisaged th a t ,  a s  a  f i r s t  s te p ,  th e  te t r a h e d r a l  in te rm e d ia te  :
( l )  i s  formed in  eq^uilihrium w ith  p e n ic i l l in  and im idazo le . The 1
eq u ilib riu m  co n stan t i s  g iven  by s
.  .  . i g j j -  -  (v,>
[BP] I  Im]
Once formed, ( l )  comes in to  eq u ilib riu m  w ith  i t s  depro tonated  
form ( I I ),  The eq u ilib riu m  c o n stan t f o r  t h i s ,  K^, i s  given by
" ,  -  I . M )
I W l l H g O ]
The value  o f IC^  would be expected to  be s im ila r  to  th a t  fo r  any 
N-substituted imidazole; ie  rough ly  2 x lO***^ . This eq u ilib riu m  i s  
im possible in  th e  case o f N -m ethylim idazole,
The ra te -d e te rm in in g  s te p  i s  thought to  be pro ton  t r a n s f e r  to  
th e  te t r a h e d r a l  in te rm ed ia te  ( e i th e r  ( l )  o r ( l l ) ) ,  le ad in g  to  Immediate 
cleavage o f th e  lactam  r in g  and form ation  o f in te rm ed ia te s  ( i l l )  and (IV),  
The protonating agent can be e i th e r  o r ImH % Thus fo u r  r a te  
l im it in g  steps can be envisaged , g iv in g  up _to fo u r terms in the r a t e  
eq u a tio n . These s te p s  are;
R CONRCON
D
c o ;
HN-H N
RCONRCON,
C
(IV)( Ï Ï )
-  H^O
o;
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B. P roton t r a n s f e r  from ImH^ to  (XI)•
r a te  -  [ ( l l )  ] . « ( x i )
« kg [ Im ] ^ [ BP ] -» ( x i i )
where kg « V A  f ^2° 1 -  ( x i i i )
*= [ Im ] [ H^] /  [ ImH' ] «* (x3,v)
has a v a lu e  o f  roughly  lO*"*^  M.
r a te  = k^ [ ( l l )  ] [ ILO ) -  (xv)
« IC^  [ Im ] [ BP ] « (x v i)
where k^ « t ( x v l i )
D. Proton t r a n s f e r  from H^O to  ( I ) .
'{rate
»105«
A, P roton  t r a n s f e r  from Imli^ to  ( l ) .  II
r a t e  -  k^ [ ( l )  ] [ ImH ] « ( v i i i )  -j
- k^ [ Im ] [ ImH"*" ] [ BP ] - (ix) #
where = k^K^ -  (x ) |IThis s te p  g ives r i s e  to  th e  k^  ^ term  observed in  th e  experim ents, |
G. P ro ton  t r a n s f e r  from to  ( l l )  jj
“ kjj [ (l) ] [ H^O ] - (xviii)
« k^ [ImH*  ^ ] [ BP ) “ (x ix )
where k^ ,^  -  ^Vl^^a *“ (%%)
Of th e se  fo u r  terms, only  those  corresponding to s te p s  A and B 
a c tu a lly  appear in  the r a t e  equation fo r  Imidazole. For N -m ethylim idazole J
only s te p s  A and D a re  p o ss ib le  i and in  f a c t  only s te p  A i s  observed. ]
I f  a l l  o f th e se  p ro to n a tio n  s tep s  took p lace a t  s im ila r  r a t e s ,  j
it would be im possib le  to  observe th e  k^ and k^ j terms, because th ey  would j
.106.
be 10^ tim es sm alle r th an  k^and kg. However, T s u ji  a t  a l ,^ ^  do claim  
to  have d e te c te d  a  ly - ty p s  term , w ith  kg = 9 .7  x 10*”^  I t  i s
d o u b tfu l i f  a  r a te  c o n s ta n t which i s  so sm all in  r e la t io n  to  th e  
la rg e r  co n stan ts  ca.n be determ ined w ith  any degree o f accuracy ; and 
even i-f i t  i s  c o r re c t ,  i t  i s  u n lik e ly  to  a r i s e  from s te p  G o f  th e  
proposed mechamism. I f  i t  d id , i t  would mean th a t  pro to  n a tio n  by H^ O
/f 4-occurred  ca , 10 tim es f a s t e r  th an  p ro to n a tio n  by ImH , and th e re fo re  
a kj|^«typs term  ought to  be observed also. D 'urther, the  same au th o rs  
r e p o r t  a  ly  -ty p e  term (k^ "  9 .7  x lO"^ s^ ^ ) f o r  th e  re a c t io n  o f  
b e n z y lp e n ic il l in  w ith  N -m ethylim idazole,'w hich ca-nnot p o ss ib ly  take part 
in  s te p  G.
In  the  case o f N -m ethylim idazole, k^ has abou t h a l f  th e  va lu e  
o b ta in ed  fo r  im idazo le . This d iffe re n c e  i s  not very  s ig n i f ic a n t ;  b u t 
i t  most probahly r e f l e c t s  a  s l i g h t  s t e r i c  h indrance by the  m ethyl group 
o f th e  pro ton  t r a n s f e r  s te p .
The iso to p e  e f f e c t s  ( ly  g /k^  a re  2 .0  fo r  th e  k^ term and 1 .5  
f o r  th e  kg term . U n fo rtu n a te ly , no th ing  d e f in i te  can be deduced from 
th e se  v a lu es . The b e s t  t h a t  can be s a id  i s  th a t  th ey  a re  c o n s is te n t  
w ith  th e  proposed mechanism, k^ i s  th e  product o f k^ and ought
n o t to  be a t  .a l l  a f fe c te d  by th e  change o f  iso to p e , and k^ would be 
expected  to  be co n siderab ly  reduced in  DgO, s in ce  deu teron  tra n is fe r  i s  
norm ally slow er th an  pro ton  t r a n s f e r .  The iso to p e  e f f e c t  in  th u s  much 
sm a lle r than  expected; b u t t h i s  could be due to  ma.ny com plicated i 
f a c to r s ,  and i t  does no t by i t s e l f  d isp rove th e  mechanism.
In  th e  case  o f 2-m ethylim idazole, only a  k^ term  is observed.
This term , however, i s  u n lik e ly  to  a r i s e  from s te p  G o f  th e  proposed 
mechanism. I t s  va lue  i s  an  o rd e r o f magnitude g re a te r  than  T su ji* s  
e s tim a te  fo r  t h i s  term w ith  im idazole^^. This in  itself i s  n o t
•10?»
u n reaso n sh le , from a c o n s id e ra tio n  o f th e  pK v a lu e s . However, i f  
s te p  O does occur w ith  2 -m ethylim idazole, i t  i s  hard  to  see  why s tep s  
A and B do n o t occur a ls o .  I t  may he urged th a t  steps A and B do no t 
op era te  w ith  2-m ethyli.m idazole because i t  i s  a  s tro n g e r  base th an  im idazole, 
and th e re fo re  pro ton  t r a n s f e r  from the conjugate a c id  i s  le s s  fav o u rab le . 
However, i t  seems u n lik e ly  t h a t  th e  s te p s  would cease  a l to g e th e r , when 
th e  d iffe re n c e  in  pK v a lu es  i s  only 1 u n i t .
The observed r a te  ex p ress io n  may. be exp lained  by an a l t e r n a t iv e  
mechanism. One p o s s ib i l i ty  would be d i r e c t  rearrangem ent o f ( l )  to  ( I I I )  
by an in tram o le c u la r p ro ton  t r a n s f e r .  However, i f  t h i s  were th e  case , 
th i s  process should  a lso  occur w ith  th e  o th e r im idazo les, a t  th e  same 
tim e as  th e  in te rm o le c u la r  p ro ton  t r a n s f e r .  There i s ,  th en , no reason  
why th e  two p rocesses should  no t operate sim ultaneously  w ith  
2-raethylim idazole .
The most l ik e ly  e x p lan a tio n  of t h i s  r a te  ex p ress io n  i s  t h a t ,  w ith  
2-m ethylim idazole, fo rm ation  o f th e  te t r a h e d r a l  in te rm ed ia te  ( l )  becomes 
th e  ra te -d e te rm in in g  s te p . The r e la t i v e  slowness o f  th i s  s te p ,  compared 
w ith  th e  analogous s te p  in  th e  im idazole and N-m ethylim idazole re a c t io n s ,  
may be a t t r ib u te d  to  h indrance by th e  methyl group ortho  to  th e  r e a c t iv e  
cen tre  o f th e  m olecule. This e f f e c t  would not be so s ig n if ic a n t  i f  the  
m ethyl group were me t a  to  th e  reacting n itro g en , a s  in  N-m ethylim idazole, 
Thus, a lthough  a co n sid e ra tio n  o f pK v a lu es  would suggest th a t  
2-m ethylim idazole  i s  th e  best n u c leoph ile  o f th e  th re e ,  s t e r i c  e f f e c ts  
co n sid erab ly  reduce its a c t i v i t y .  I t  i s  w ell known^^ th a t  2 -m ethy l- 
im idazole i s  a much poorer n u c leoph ile  than  im idazo le .
The h ig h e r basicity o f 2-m ethylim idazole, combined w ith  its poor 
n u c le o p h i l ic i ty , can a ls o  explain why th e  percentage conversion o f 
p e n ic i l l in  to  penioillenio a c id  i s  lower w ith  t h i s  catalyst. The mechanism
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proposed i s  a  type o f n u o leo p h ilic  catalysis. But 2-m ethylim idazole 
can a lso  a c t  a s  a  g en era l “base c a ta ly s t  -  c a ta ly s in g  by a  d i f f e r e n t  
mechanism (scheme 26). In  th e  imidazole-catalysed h y d ro ly s is  o f e s te r s ,  
bo th  th ese  types o f catalysis have been detected: however, bo th  le ad  
to  the  same p roducts . In  th e  p re sen t re a c tio n , though, g en e ra l ba.se 
c a ta ly s is  does no t lead  to  form ation  o f p e n io il le n io  a c id , b u t r a th e r  
of p a n ic i l lo ic  a c id .
For N -m ethylim idazole and im idazo le, th e  proposed mechanism 
s a t i s f a c to r i l y  accounts f o r  th e  observed r a te  law. F u r th e r , i t  can be
demonstreated th a t  no o th e r  mechanism f i t s  the  observed behaviour. One Ii
a l te r n a t iv e  mechanism i s  i l l u s t r a t e d  in  scheme 2?. This env isages th a t  th e  
r a t e -determining  s te p  is n u o leo p h ilic  a t ta c k  o f im idazole on p ro to n a ted  J
p e n ic i l l in ,  le ad in g  to  ( I I I ) :  th e  p e n ic i l l in  having p rev io u sly  been 
p ro to n a ted  in ua.ll equilibrium pirooess by Imidazùlium ' ion. This scheme 
in co rp o ra te s  th e  same s te p s  a s  scheme 2 5 r bu t i t  would no t g ive  r i s e  
to  th e  same k in e t ic s .  For th i s  p ro cess , i t  can be shown that
r a t e  **- kK [ ImH  ^ ] [ BP ] -  (x x i )
Yet another suggestion might be th a t  th e  p ro ton  t r a n s f e r  s tep s  
a re  them selves eq u ilib riu m  p ro cesses , and t i ia t  th e  ra te -d e te rm in in g  s te p  
i s  th e  spontaneous explus io n  o f jjn idazole fbram ( i l l )  (s te p  B in  scheme 2 4 ). 
T h is , however, would a ls o  produce k in e t ic s  o f th e  form
r a te  -  k [ ImH  ^ ] [ BP ] -  (x x ii )
That th i s  s te p  i s  n o t rate-determining i s  a ls o  dem onstrated 
by th e  work o f Bundgaard^^, He f in d s  th a t  th e  r a te s  o f  th e  Im idazole ^
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catalysed re a c tio n s  o f a  range o f  p e n ic i l l in s  can be c o rre la te d  with 
t h e i r  r a t e s  o f l i f e l i n e  h y d ro ly s is . I f  th e  in tram o le c u la r n u o le o p h ilic  i 
displacem ent on ( i l l )  were ra te -d e te rm in in g , th en  th e  r a te s  would be I
expected to  c o r re la te  with those  o f th e  a c id -c a ta ly se d  re a c t io n s .  For SiIIexsmiple, th e  side-chain carbonyl group in  p e n ic i l l i n  V i s  co n sid e rab ly  IIle s s  n u o leo p h ilic  th an  in  p e n ic i l l in  G: y e t th e  im id azo le -ca ta ly sed  ij1re a c t io n  o f  p e n ic i l l in  V occurs some f a s t e r .  |
In  summary, i t  can be deduced by a p rocess of e lim in a tio n  th a t  ^
th e  p ro ton  t r a n s f e r  must be ra te -d e te rm in in g . One would norm ally ex p ec t ;|
jsuch a s te p  to  have a very low a c t iv a t io n  energj''? i t  fo llow s t lm t i t  j1should be d if fu s io n -c o n tro l le d . Now, i t  i s  g e n e ra lly  accepted t i ia t  
d if fu s io n -c o n tro l le d  b im olecu lar re a c tio n s  have r a t e  constants of th e
10 «1 07o rder o f 10 M ' s  For th e  p resen t case , th i s  means t h a t  th e
th ird -o rd e r  r a te  c o n s e n ts  should  be o f the o rd e r o f lO^^K^.
Gensmantel and P a g e ^  have, estimated eq u ilib riu m  constants f o r  
re a c tio n s  between b e n z y lp e n ic i l l in  and a number o f am ines, le ad in g  to  
te tm h e d ra l  in te rm e d ia te s  analogous to  ( l ) .  They were a b le  to  c o r r e la te  
these w ith  th e  pK v a lu es  fo r  the amines. On th e  b a s is  o f their data, 
fo r  im idazole should  be in  th e  reg io n  o f  4 x 10 M This su g g es ts  
th a t  the rate co n stan ts  should be in  the re g io n  o f 4  x 10 ^ M ^ s 
That they are in  f a c t  an order of magnitude less than t h i s  may indicate 
t i i a t ,  f o r  th i s  r e a c t io n ,  there is a  higher th an  u su a l barrier to  proton 
transfer.
P ro ton  t r a n s f e r  to  the negatively charged oxygen o f ( l )  o r  ( l l )  
i s ,  o f co u rse , a more favoured p ro cess , bu t t h i s  would be non-p roductive . 
Once th e  nitrogen has been p ro to n a ted  th e  ensuing  steps a re  irreversible, 
M orris and Page^^ have discussed, in detail, th e  role o f p ro to n  
tra .n s fe r  in  th e  am ino lysis  o f b e n z y lp e n ic i l l in ,  and th e  mechanism
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proposed h e rs  i s  c o n s is te n t w ith  th e  c r i te r ia ,  they  e s ta b lis h e d .
The fo rego ing  a n a ly s is  has dem onstrated th a t  i t  i s  no t necessary  
to  p o s tu la te  g en era l base catalysis of th e  type  shown in  scheme 24 
(where one im idazole molecule enhances th e  n u c le o p h il ic i ty  o f a  second 
one) in  o rd e r to  ex p la in  th e  r a t e  eq uation . The term in  [ Im ] ^ arises 
from th e  a lg eb ra  o f th e  r e a c t io n  rather than  th e  chem istry .
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INTRODUCTION
It was for many years supposed that the ^  -lactam antibiotics 
owed their antibacterial activity, at least partly^to the fact tha,t the 
lactam ring'is fused to another small ring. This is the case with the 
^  "Motams discovered first? the penicillins and cephalosporins. Also, it 
is well-known that simple mono-cyclic JB -lactam compounds are remarkably 
unreactive chemicals. (As an example, in the reaction of N-phenyl- 
azetidin-2-one (49) with hydroxide ion, the second order rate constant 
at 30^0 is 2 ,5  X 10**^  ■ This may be compared withl5 0 x 10“^
jl“l g*"l benzylpenicilliiio )
Recently, however some mono-cyclic ^  -lactam antibiotics have •
been discovered. Among these are nocardicin A (9 ) , isolated as a major -
component from the fermentation broth of a subspecies of Nocardia 
uniforms^ '^ .^ This substance acts exclusively against gram-negative ^
bacteria, on which it has an inhibitory effect on cell-w&ll-synthesis. ;
The action of alkali on nocardicin A leads to JB -lactam 
cleavage and to compound (47). The action of acid leads to compound (48)
in which the oxime function as well as the ^-lactam function has
27 1been hydrolysed . ;
It seemed a valuable exercise to investigate the kinetics of 
these reactions, and to compare the results with those for penicillins, 
simple mono-cyclic jB -lactams, and simple oximes.
The JB -lactams chosen for study were N-phenylazetidin-2-one (49) 
and N-p-nitrophenylaizetidin-2-one (50)« Since the technique used for 
this study is ultraviolet spectroscopy, it is necessary to have aryl groups
HOH
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d i r e c t ly  a tta c h e d  to  n itro g en ?  o therw ise  no s p e c t r a l  changes can "be 
observed.
The oximes were chosen so a s  to  resem ble most c lo se ly  th e  oxime 
p a r t  o f th e  n o card ic in  A m olecule. F i r s t ,  "benzil mono«oxime (5I )  was 
stud ied?, th en , when th i s  proved u n s a tis fa c to ry , benzoyl forinamide mono» 
oxime (52 ).
The sy n th e s is  o f t h i s  l a t t e r  compound p re sen ted  a  few problems. 
Glaisen^'^^ has desc rib ed  th e  p re p a ra tio n  o f benzoyl formamide by th e  
a c t io n  o f co n cen tra ted  h y d ro ch lo ric  a c id  on benzoyl cyanide (scheme 28 ), 
On fo llow ing  h is  procedure, however, i t  was found t lm t th e  r e s u l t s  cou3.d 
no t be re p e a te d . Indeed th e  product appeared to  be benzoyl fo rm ic a c id . 
S u b s ti tu t io n  o f co n cen tra ted  su lp h u ric  a c id  f o r  hy d ro ch lo ric  a c id  gave 
benzoic a c id  as  th e  m ajor p roduct. An a ttem p t to  form th e  amide from 
th e  cyanide v ia  th e  in term ediacy  o f  an im in o -e th er (scheme 29 ) a lso  
r e s u l te d  in  th e  fo rm ation  o f benzoic a c id . F in a lly ,  th e  amide was 
prepared  in  a s tan d a rd  way from benzoyl form ic a c id  v ia  benzoyl form yl 
ch lo rid e  (scheme 30 ).
EXPERIMENTAI
MATERIALS
N ocardicin A sodium s a l t  was k ind ly  su p p lied  by i t s  m anufacturers*
the  Fujisaw a Pharm aceutical Company o f Osaka, Jax>an.
N -phenylazetid in»2-one and N -p»n itropheny lazetid in -2 -one  were
10?prepe,red by Freeman in  th e  course  o f h is  PhD re se a rc h ,
] 03B enzil mono-oxime was p repared  as fo llo w s"  Hydroxya^mmonium
ch lo rid e  (2g) was d is so lv e d  in  a  l i t t l e  w ater, and an e q u iv a len t amount o f
»113*
sodium hydroxide (1 .15g) was added. This concentra-te d  aqueous s o lu t io n  
o f hydroxylamine was added to  a  s a tu ra te d  e th an o lic  s o lu t io n  of b e n z il  
(2*58)» The sodium ch lo rid e  which p re c ip i ta te d  on m ixing was f i l t e r e d  
o f f  im m ediately, and the  r e s u l t in g  so lu tio n  was l e f t  to  s tan d  a t  room 
tem peratu re  f o r  s ix  days. The e th an o l was evaporated  o f f ,  le av in g  a 
yellow  o ily  substance  which c r y s ta l l i s e d  on s tan d in g . The c ry s ta ls  
were d isso lv e d  in  a ' l i t t l e  e th a n o l, and on a d d itio n  o f  a la rg e  volume 
o f w ater a  w hite p r e c ip i ta te  slow ly  s e t t l e d  out* This was f i l t e r e d  o f f ,  
washed w ith  w ater and re  cry  s t a  11 i s  ed from e th a n o l/w a te r . I t  was d r ie d  
in  vacuo a t  80°G. (Y ield  0*5g, 19^)? M.p. 95 -  105*0. (Found G, 74.5;
H, 4 .9 4 ; N, 6 ,0 3 . re q u ire s  6, 74.65; H, 4 .9 2 ; N, 6 .2 2 ^ .)
(The la ck  o f a  sh arp  m elting  p o in t can he a t t r ib u te d  to  the  f a c t  t h a t  
the  sample i s  a m ixture o f  th e  OC and 0  forms o f the  oxim e.)
Benzoyl form ic a c id  was prepared  by th e  method o f  Oakwood and 
W eisgerber^^^. I t  was converted to  benzoyl form yl c h lo rid e  a s  d e sc rib e d  
by Kharasch and Brown^^^. Thus benzoyl form ic a c id  (I5 g ) was d is so lv e d  
in o x a ly l ch lo rid e  (35 m l). The so lu tio n  was heated  under reflux on 
a steam bath  fo r  s ix  hour's in  th e  absence o f m o is tu re , The excess o f 
o x a ly l ch lo rid e  was removed on a dry ro ta ry  ev ap o ra to r. Toluene (50 ml) 
was added, and i t  to o  was removed by ev ap o ra tio n . The l iq u id  re s id u e  
was d i s t i l l e d  under vacuum, th e  product coming over a s  a  yellow  o i l ,
B.p. 62°c/o.5 mm Hg, (lit., 9l°0/9.5 mm %), (Yield llg, 65^.)
I . R . î ^ m a x  a t  1770 cra"^', 1730 om"^. (Pound G, 57 .1 ; H, 2 .88; C l, 21 .0 . 
G^_G10_ re q u ire s  G, 57.00; H, 2 .99 ; d ,  2 1 .0 3 ^ .)
Benzoyl formamide was p repared  as  fo llo w s. C oncentrated ammonia 
(150 ml) was cooled in an ic e -b a th , and l l g  o f  benzoyl form yl c h lo r id e  m s
Ïdropped in  slow ly . The re a c t io n  was immediate » a  pa le  yellow  p r e c ip i ta te  « 
was form ed. This was f i l t e r e d  off, washed in  d i lu te  ammonia and dried.
•*1.1.4"*
(Yieia 4.7g 48^). Mp 125°c, (lit. 129°C^°^). IR: om' i^
1685 cm“^ . (Found C, 6 4 .1 ; H, 4.70; H, 9 .5 . CgHyMOg re q u ire s  G, 64 .42;
H, 4 .7 3 ; K, 9 . 39^ . ) '
Benzoyl formamide mono-oxime was prepared from benzoyl formamide in  
th e  manner p rev io u sly  d esc rib ed  fo r  b e n z il mono-oxime. (Y ie ld  0 ,8g , 4 8 ^ ,)
Mp 172*0. IRx / ^ m a x  3^20 cm~^, 3130 cm"^, 1640 cm”^. (Pound G, 58 .7 ;
H, 5 .01; N, 1 6 .7 . OgHgN^Og re q u ire s  C. 58.53? H, 4 .9 1 ; N, 1 7 .06^ .)
a  BUFFER SOLUTIONS
S o lu tio n s  in  the  pH range 1 - 1 . 5  were pre^ja-red by m ix tures o f
0.2M HGl and 0.2M KGl. pH was measured as  d e sc rib ed  in  C hapter 3#
S o lu tio n s  in  th e  H^ range (-1) - (-3) were prepared  by m ixtures o f
sulphm zic a c id  and w a ter. C oncen tra tion  was determ ined by measurement o f
th e  s p e c if ic  g ra v ity  o f  each so lu tio n  and the v a lu es  were ob ta ined  from ? 
10*7ta b le s  . The r e s u l t s  are g iven  in  ta b le  4 l ,
Table 4 l .  va lues fo r  su lp h u ric  a c id  so lu tio n s  
H^SO/^ so lu tio n Spec, Grav. %Acid w/w
A 1.3501 4 5 .5 3 .0 0
B 1.3397 4 4 .0 2.86
G 1.3232 42 .5 2.73
D 1 .3067 40 .5 2 .5 8
E 1.2816 3 7 .5 2 .37
F 1.2712 3 6 .5 2 .3 0
G 1.2545 3 4 .5 2 .1 5
H . 1.2364 3 2 .0 1 .9 6
I 1.2163 3 0 .0 1.82
J 1 .1964 2 7 .0 1 .6 1
250  nm 3Ü0nm 35Ünm
FIGURE 21 .  UV s p e c t r u m  of n o c a r d i c i n  A in 
Ü-1M HCl. a) i n i t i a l  ; b) i n t e r m e d i a t e ;  
c)  f i n o !  (24 h o u r s  ).
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c PROCEDURE
Experim ents in  th e  pH range were performed a t  37^0; th o se  in
m oderately co n cen tra ted  su lp h u ric  a c id  were perform ed a t  30^G, U l t r a v io le t
absorbances were measured as  d esc rib ed  p rev io u s ly , and psuedo»first~order ■
r a t e  co n stan ts  were ob ta ined  by an a ly s in g  th e  d a ta  by th e  method o f 
76Swinbourne^ ,
RESULTS
NOCARDICIN A
The ultraviolet spectrum  o f n o card ic in  A was taken  in  aqueous 
s o lu t io n ,  and i s  reproduced in  f ig u re  21 opposite  ( l in e  a ) ,  ^  is at
271 nm ( “ l4,600). The spectrum taken in O.IM NaOH s o lu t io n  was
id e n t ic a l  w ith  t h i s ,  and d id  not a l t e r  during  24 hours. The spectrum 
taken  in  O.IM HGl s o lu tio n  was a ls o  identical; b u t t h i s  spectrum was jioijserved to  change, so th a t  after 48 hours i t  bad a l t e r e d  to l in e  c* I
Line b i s  an in te rm ed ia te  s ta g e .  The maximujn s h i f te d  to  299 nni. {
1I s o s b s s t ic  points a re  observed at 286 nm, 240 nm and 228 nm.
The k in e t ic s  o f the re a c t io n  in a c id  (tran sfo rm atio n  o f (9 ) to (48)J|Iwere i n i t i a l l y  determ ined in  fo u r  buffer solutions in  the pH range, by
fo llow ing  th e  decrease  o f o p t ic a l  d e n s ity  a t  270 nm. The co n ce n tra tio n
/ j  io f n o card ic in  A in  the buffers was I . I 5 x 10 M. û
Figure 22 shows a  p lo t  o f against [ H ] , There appears to be i  
l in e a r  r e la t io n s h ip  fô r  pH ^  7 , and a  second-order r a te  c o n s ta n t o f 2.0 3c| 
10 ^ M ^ s ^ can be deduced. However, the_point a t  pH <1 7 i s  co n sid erab ly ! 
below th e  l in e .
2 4
0 '16•12•04 •08
hydrolys is  of nocardicin A at 37  C in 
d i l u t e  HCl
F IG U R E 2 2
10 obs
0 -8
0-6
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o- 3  0 - 2 6  - 2 - 2  - 1-8
hyd ro l y s i s  of no ca rd i c in  A at 30  C
in moderately concentra ted  H SO2 4
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Tablo 42. H yd ro lysis o f  n o c a rd ic in  A in  d i lu te  HGl a t  37^0,
apH hV m
0.76 0.173 2.85
1.0^ 0.089 1.80
1.15 0.07 1.4o
1.31 0,048 0.90
A f u r th e r  s e t  o f r a t e  co n stan ts  were measured in  m oderately 
co n cen tra ted  su lp h u ric  a c id  s o lu t io n s . The tem perature  in  t i l l s  case was 
30^0. The s p e c t r a l  changes observed in  th ese  experim ents a re  id e n t ic a l  
w ith  those fo r  th e  r e a c t io n  in  d i lu te  a c id .
Table 43. H ydrolysis o f  n o card ic in  A in  m oderately co n cen tra ted  H-SO^ 
a t  30°G.
% a c id  w/w :fo' kobs/s-' 4 + log^o k
45.5 3.00 25.5 l.4o
44.0 2.86 22.5 1.35
42.5 2.73 20.5 1.31
40.5 2.58 17.0 1.23
33.5 2.08 8.35 0.92
31.0 1.89 6.35 0.80
29.0 1.75 5.50 0.74
26.0 1.54 . 4.00 o.6o
P lo t t in g  log^Q a g a in s t g iv es  a  s t r a ig h t  l in e  ( f ig u re  23 )
whose g ra d ie n t i s  -  0.5?«
10 obs
1 4
1 2
1 0
0 8
0-6
0 2
- 1 8- 3  0 2 6 -2  2
h y d r o l y s i s  of  N - p h e n y l a z e t i d i n - 2 - o n e  
at 3 0 ° C i n m o d - c o n c .  H_SO,
F I G U R E  2 4
%Table 44, R eac tion  o f N-phenylazetlclin-2-one in  m oderately concentrated 
HgSO^ a t  30®G.
Jjjo kobs/s 5+ log^o
3,00 20.5 1.311
2.86 17.0 1.230
2.73 12.5 1.079
2,58 9.73 0,989
2.37 6,2 0.792
2.30 4.45 0.648
2,15 3.6 0.336
1.96 2.33 0.371
1.82 1.93 0.290
1.61 1.33 0.130
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N-PHBNYLAZETIDIK"2‘ORE
The u l t r a v io l e t  spectrum  o f a  s o lu tio n  o f N -phenylazetid ln-Z -one 
(6 .8  X lO”-^  M) in  5N HGl was tak en . The \  was a t  246 nm, 4
( £  2k6 ” 22 ,000), This peak was observed to  d e c lin e  over a  p e rio d  o f  J
ifo u r hours. 1
4The d im inution  o f t h i s  ab so rp tio n  was used to  o b ta in  th e  psuedo- |
first-order rate constant for the acid-catalysed ring*='Opening of the |1compound. I
A p lo t  of log^Q a g a in s t  i s  shown in  figure 24. This i s  a
s t r a ig h t  l in e ,  w ith  g ra d ie n t 0 .87 . S ince th e  g ra d ie n t i s  not u n i ty ,  a  
second-order rate co n stan t cannot be d e riv e d . An approxim ate va,lue would j
t e  4 .4  X lo "^  s"^'. I
1
10 o b s
1 6
1-2
0 8
0 o
- 3 0  - 2'6 - 2-2  - 1-6 - 1 4
h y d r o l y s i s  of . 
N - p - n i t r o p h e n y l a z e t i d i n - 2 - o n e
at 3 0 ° C in m od .c o n c .  H_SO.2 4
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PTNI#0PHENYIAZETIDIN-2~0m
The u l t r a v io le t  spectrum  o f  a  s o lu tio n  o f N -p-nitrophenyla.zetid in*  
42«one (1,C4 x 10~ M) in  4n HGl was taken . The ^  was a t  3^7 nia 
( ^  l4 ,4 o o ) . This peak was observed to  d ec lin e  over a  p e riod
o f th re e  hours.
The d im inu tion  o f th i s  ab so rp tio n  was used to  o b ta in  p s u e d o - f ir s t  
o rder r a t e  co n stan ts  f o r  the  a c id -c a ta ly se d  rin g -open ing  o f th e  compound
Table 4-3. R eaction  of N -p -n itro p h en y laze tid in -2 -o n e  in  m oderately
co n cen tra ted  H^SO^ a t  30°G.
f o ■5 + i° S io  K h s
3 .0 0 6 3 .0 1 .799
2 ,8 6 5 4 .5 1.736
2,73 32 .5 1.512
2.58 24.0 1.380
2.37 ' 1 7 .0 1.230
2 .3 0 1 1 .5 1 .061
2.15 7 .5 0.875
1 .96 5 .0 0 .699
1.82 3 .5 5 0.530
1 .6 1 2 .5 0 .398
A p lo t  o f log^Q a g a in s t i s  shown in  f ig u re  25 .
i s  a  s t r a ig h t  l in e . , w ith  g ra d ie n t 1 , 07, This i s  c lo se  enough -1
fo r  a l in e a r  r e la t io n s h ip  between r a te  o f r e a c tio n  and a c t iv i ty  
o f hydrogen ion  to  be in fe r r e d . The seco n d -ra te  co n s ta n t, th en , i s
4 .6  X lo " ?  s “^ o
NOM
- L ey
0
■NH
H'
0
ic— C 0^ NH^
S C H E M E  31
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BENZIL MOm-OXIME
The ultraviolet spectrum of benzil mono-oxime has its maximum 
at 257 nm. In a sulphuric acid solution of ” -3.00, this maximum was 
observed to shift slightly to 263 nm over a period of four hours. It was 
felt that this spectral change was too slight tô warrant further kinetic 
studies.
BENZOYL FORMAMIDE MONO-OXIME
The ultra violèt spectrum of benzoyl formamide mono-axirne has its 
maximum absorption at 25O nm. In a sulphuric acid solution of - -3*00 
this maximum shifts to 260 nm. However, the spectral change exhibits no 
isosbestic points. It is assumed that this shift corresponds to hydrolysis 
of the oxime function and consequent formation of benzoyl formamide. An 
authentic sample of benzoyl formamide was indeed found to have its ultra­
violet maximum at 260 nm in an acidic solution (250 nm in neutral solution),
'9However, over a period of one day, the intensity of this peak markedly '
increased, (Extinction coefficient increased from 5»4-00 to 9,700.) It is 
assumed that this change corresponds to hydrolysis of the amide to benzoyl 
formic acid. And, indeed, an authentic sample of benzoyl formic acid was 
found to have its ultraviolet maximum at 26o nm, with ~ 9,200. Thus 9
the evidence is consistent with the changes summarised in scheme 3I* 1
The diminution of absorption at 250 nm was used to obtain psuedo- 
first-order rate constants for the hydrolysis of the oxime. The results 
are in table 46.
A plot of loggg kg^g against H^ is shown in figure 26, This is a 
straight line with gradient •» 0.4-7*
The increase in absorption at 260 nm in the spectrum of benzoyl 
formamide was used to obtain psuedo-first-order rate constants for the I
1-2
0 8
3 0  - 2  6  - 2  2 -1 8  -1-4
hyd ro ly s i s  of be nz oy l  f o r m a m i d e  o x i m e  
a t  3 0 ° C in mod- cone-  H.SO^
F I G U R E  2 6
5 10 o b s
0-2
-  3 '0 -  2 8 - 2 * 6
h y d r o l y s i s  o f  b e n z o y l  f o r m a m i d e  
a t  30°C in mod.  c o n e .  H^SO^
F I G U R E  2 7
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amide h y d ro ly s is . The r e s u l t s  a re  in  ta b le
Table 46, H ydrolysis o f  benzoyl formamide mono-oxime in  m oderately
HgSO^ a t  30°G,
a t 30°C. i
^  *  l°SlO  ’^ obs 1
3.00 20.0 1 .3 0 1
2,86 1 9 .0 1 .28 ■1
2.73 1 6 .5 1.22 11
2,58 14.5 1 ,1 6 j
2 .08 8 .4 5 0 .9 3
1 .8 9 6 .9 0 0 .84 11.75 6.00 0 .78
1 . 5^ 4 .5 0 0 .6 5 J
[ro ly s is o f  benzoyl formamide in  m oderately co n cen tra ted i
I Ü 0 5 + lo g io 1j
3 .00 4 .6 0.633
2 .86 4 ,0 0 .602 1
2 .73 3 .5 0 .544 i
2.58 2 .65 0,423 1
1A p lo t  o f log^Q a g a in s t  i s  shown in  f ig u re  2?, This i s  a  j
s t r a ig h t  l in e  w ith  g ra d ie n t -0 .6 ^ . j
The r a te s  o f amide h y d ro ly s is  a re  roughly  fo r ty  tim es slow er th an  J
those  o f oxime h y d ro ly s is j th e re fo re  th e  e f f e c t  o f th e  form er p rocess on the!
;|k in e t ic s  o f the  l a t t e r  w i l l  be n e g lig ib ly  sm all, 1
»121.
DISCUSSION
The ac id -ca ta -ly sed  r e a c tio n  o f n o card ic in  A i s  known to  c o n s is t  o f  i 
two processess th e  oxime h y d ro ly s is  and th e  JB -lac tam  h y d ro ly s is . T hese, I 
i t  may be supposed, tak e  p lace  q u i te  independently  o f each o th e r . I t  i s  ' 
th e re fo re  a l i t t l e  s u rp r is in g  th a t  th e  s p e c tr a l  changes observed du rin g  the 
tran sfo rm a tio n  a re  so s tr a ig h tfo n m r d . In  p a r t i c u la r ,  th e  ex is ten ce  of 
t i g h t  i s o s b e s t ic  p o in ts  would su g g es t that one s in g le  r e a c t io n  was ta k in g  
p lace . The explanation most probably  i s  th a t  only  one s te p  i s  detectable 
by changes in  th e  IJY spectrum . This i s  most probably th e  oxime h y d ro ly s is ,' 
as ^  -lactam h y d ro ly s is  occasions no s ig n if ic a .n t s p e c tr a l  changes. (This : 
i s  amply demonstra.ted by th e  o b serv a tio n  th a t  the  spectrum  of n o c a rd ic in  A 
does no t change on s tan d in g  in  a l k a l i .  The a l k a l i  c leav es  the JB -l&otam  ^
r in g ,  b u t does no t a f f e c t  th e  oxime f u n c t io n .)
The r e s u l t s  do in d ic a te  th a t  the  re a c t io n  o f th i s  a n t ib io t i c  is 
rem arkably slow ; i t s  a c id  s t a b i l i t y  i s  th e re fo re  f a r  su p e r io r  to  that 
enjoyed by any p e n ic i l l in .  Compare, fo r  example, th e  behaviour of
b e n z y lîB n ic il l in  under s im ila r  c o n d itio n s . At pH 1.32 and ‘}0^0 i t  degrades:
Âw ith  a r a te  co n sta n t o f  4,5 x 10 ^ s . This i s  four hundred tim es f a s t e r |
than  th e  r e a c t io n  o f n o card ic in  A, even a t  th e  lower temperature, F e n lc i l î
A ^
in  V, a t  pH 1.26 and 30°G has a  rate co n stan t o f 1 ,5  x 10 s" , This 
a c id - s ta b le  p e n ic i l l i n  r e a c ts  th i r te e n  times faster than n o c a rd ic in  A. jIThe evidence overwhelmingly su g g ests  th a t  th e se  r a te 'c o n s ta n ts  do | 
r e f e r  s p e c i f ic a l ly  to  the oxime h y d ro ly s is , and t e l l  us l i t t l e  abou t th e  1 
JB -lactam  h y d ro ly s is . This is bourne out by the following o b se rv a tio n s , |
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1, The s p e c t r a l  changes observed f o r  th e  n o card ic in  re a c t io n  a re  
q u a l i te t iv e ly  th e  same a s  those  fo r  th e  r e a c t io n  o f benzoyl 
formamide mono-oxime (52). Only th e  p o s it io n  o f the  peaks i s  
d i f f e r e n t ,  Itie cha.nges fo r  th e  b e n z il mono-oxiine r e a c t io n  a re  
a lso  s im ila r .  In  t h i s  case th ey  a re  very  much sm a lle r , probably 
because th e  spectrum  i s  dominated by the  two conjugated benzene ring! 
which dwarf any d if fe re n c e s  between th e  , • ketone and i t s  oxime,
2. The r a te s  o f re a c t io n  o f n o card ic in  A in  m oderately co n cen tra ted  
su lp h u ric  a c id  a re  o f  th e  same o rd e r o f magnitude a.s th o se  o f 
benzoyl formamide mono«oxime (52). They a re  le s s  than  a  factor 
o f two h ig h e r. There a re  no s t r u c tu r a l  fe a tu re s  o f  n o ca rd ic in  A 
which would le a d  one to  expect its oxime fu n c tio n  to hydro lyse  a t  
a  r a t e  g re a t ly  d i f f e r e n t  from th a t  of (5 2 ).
Gomp3.r iso n  o f v a lu es  o f th e  r a t e  co n stan ts  fo r  n o c a rd ic in  A 
and the  model ^  -lac tam s a re  com plicated because the  r e la t io n s h ip  ;
changes w ith  a c id i ty .  At -  -3 .0 0 , K -p -n itro p h sn y laz e tid in -2 -o n e  J
(50 ) r e a c ts  fo u r  tim es slow er th an  nocardicin. However, i t  i s  to be; 
expected th a t  n o c a rd ic in 's  ^  -lac tam  ring w i l l  hydrolyse much more | 
ra p id ly  than  (4 9 ) or (50), In  the  l a t t e r  compounds th e  arom atic  
system w i l l  co n siderab ly  reduce th e  ba^sicity  o f the  nitrogen, 
making th e se  compounds le s s  r e a c t iv e  towards a c id  th an  azetidin-2- 
one i t s e l f .  The N -su b s titu e n t in  n o card ic in  would n o t have th i s  
e f f e c t .  Data on th e  re a c t io n  o f a%etidin-2-one (53) w ith  a c id  i s  
a v a ila b le  from th e  work o f .Yates et a l . ^ \  some of which i s  
ta b u la te d  in  ta b le  48,
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Table 48. Hydxolysis o f aaetidln-Z-one at 33°G in  aqueous 
# aoid. w/w 5.1 15.5 22.5 32.7 41.8
10^  1 .3 9  8 .62  3 4 .4  8 8 .5  272
These r e s u l t s  show th a t ,  in  th e  a c id i ty  range in  which th e  
n o card ic in  re a c t io n  was s tu d ie d , (53) r e a c ts  between 9 and 16 tim es
f a s t e r  th an  n o c a rd ic in . There i s  no reason  to ''b e lie v e  t h a t  the
^ “lactam  in  n o card ic in  w il l  r e a c t  slow er th an  (53); i f  an y th in g , 
one would expect i t  to  r e a c t  f a s t e r  s t i l l .  This i s  because there 
i s  a p o s s ib i l i ty  o f  a s s is ta n c e  to  the  ring-cleava.ge process from 
th e  neighbouring amide carbony l, (c f  th e  p a r t ic ip a t io n  o f th e  side- 
chain  carbonyl in  ring-cleavage re a c tio n s  o f  p e n i c i l l i n . )
3 . The v a r ia t io n  o f  r a t e  w ith  a c id i ty  fo r  n o ca rd ic in  i s  s im ila r  to  th a t  f"1
o b ta ined  fo r  benzoyl formamide oxime (52 ): i . e .  a la rg e  in c re a se  in  1
a c id i ty  produces only a s l i g h t  in c rease  in  r a t e .  In  c o n tr a s t ,  th e  |
model B*“lactam s (4 9 ), (5 0 ) and (53), a re  much more s e n s i t iv e  to  j
change in  a c id i ty .  This i s  i l l u s t r a t e d  in  f ig u re '28. . |
In  simmary, the  spectral changes observed during  the  r e a c t io n  o f 
n o card ic in  A w ith  a c id  a re  e x ac tly  what would be expected f o r  a  compound w iili
t h a t  type o f  oxime s t r u c tu r e ,  re g a rd le ss  o f  w hether o r  no t i t  con tained  a  ;
P  -lactam  r in g ,  J
F in a lly , some rem arks may be made concerning th e  mechanism o f  these 
processes. Y ates e t  a l , ^ ^  produce good evidence th a t  ^  -la c tam s, in  c o n tra s
to  o th e r lac tam s, r e a c t  by th e  mechanism shown in  scheme 32. Although |
p ro to n a tio n  occurs predom inantly on oxygen^^^, th e re  i s  some N -pro tonation^^f
,  :and the  slow s te p  i s  th e  ring-opening of th i s  sp ec ie s  (5^f). Thus, (53) being
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an extrem ely weak b ase , th e  r a t e  i s  p ro p o rtio n a l to  th e  a c t i v i t y  o f 
hydrogen ion  throughout th e  a c id i ty  range. Lactams of larger s iz e  e x h ib it  
a maximum in  t h e i r  r a t e  p r o f i le s ,  in d ic a tin g  a  mechanism in  which th e  
a c t i v i ty  o f w ater p lays an im portan t ro le .  But i t  seems reasonab le  to  
assume th a t  h y d ro ly s is  o f th e  ^  -lactam  r in g  o f  n o card ic in  A occurs by th e
same mechanism as fo r  the o th e r JB “lactam s.
N ocardicin  A e x h ib its  s im ila r  behaviour to  th a t  o f  benzoyl form­
amide oxime; however, t h i s  behaviour i s  most c e r ta in ly  no t ty p ic a l  of 
oximes g e n e ra lly .
The h y d ro ly s is  of acetophenone oxime (55) iu  a c id  has been
13 0considered  in  d e ta i l  by Gregory and Hoodie ‘ , They f in d  tlm t th e  r a t e
decreases w ith  in c re a s in g  co n ce n tra tio n  of su lp h u ric  acid , and i s
reasonab ly  co nstan t between pH 1 and -0 .4 3 . 8om e o f t h e i r  data i s  
in  ta b le s  49 and 50.
o 1Table 49. H ydrolysis of acetophenone oxime a t  25 G in  aqueous
# a o id  w/w 49.7  :%?.8 29.5 22.9 lO.j
10  ^koLs/®"^  ^ 0.064 0.16 0.290 0.69 1,30 1.81 3.
Table 50 . H ydrolysis of acetophenone oxime at 25^G in  aqueous HGl, 
. +■[ h  3 /m  0.47 0.235 0.094 0.0376
obs^10^  k , 4.9 5.0 4.7 2.95
To account fo r  this, th e  mechanism o f  scheme 33 is proposed. There 
i s  Independent evidence th a t  protonation o f an oxime occurs on th e  ;
n itrogen^^^ . Because two s tep s  (in c lu d in g  th e  slow one) invo lve w a te r , 
th e  r a te  o f re a c tio n  in  m oderately co n cen tra ted  a c id  i s  affected, n o t *
only by th e  a c id i ty ,  b u t a lso  by th e  a c t i v i ty  o f water, which f a l l s  w ith
Ph Ph
Me M e'
( 5 5 )
OHPh
NH_OHM e
Phs l o w
Me
S C H E M E  3 3
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C = N H „  + NH OHPh
S C H E ME  3 4
0
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P h —C —  C —  NH2
( 5 6 1
increasing a c id  c o n cen tra tio n . 0?he pKa o f oximes appears to  be about 
11?. 1133 *’ th e re fo re  throughout th e  range considered  the  p ro to n a tio n
s'fep i s  e s s e n t ia l ly  com plete. In  d i lu te  a c id  th e  a c t i v i t y  o f water i s  i n ­
v a r ia n t ,  th e re fo re  th e  r a te  i s  a ls o  co n stan t. S im ila r r e s u l t s  have been 
ob ta ined  fo r  the h y d ro ly s is  o f cyclohexanone and cyclopentanone 4
oximes^^3, ^
The r a te  o f h y d ro ly s is  o f  n o card ic in  and bensoyl formamide oxime 
a re  co n siderab ly  h ig h e r th an  th e  maximum found f o r  acetophenone oxime, 
and th e  rate-acidity p ro f i le  i s  com pletely d i f f e r e n t .  This betokens a 
d i f f e r e n t  mechanism o f  oxime h y d ro ly s is , d o u b tless  r e s u l t in g  from th e  
proxim ity  o f  th e  amide fu n c tio n .
The observed in c re a se  in  r a t e  w ith  a c id i ty  throughout th e  range 
in d ic a te s  t h a t  the pKa o f th e se  oximes a re  co n siderab ly  lower th an  u su a l, 
so th a t  th e  co n cen tra tio n  o f p ro tona ted  oxime in c re a se s  w ith  a c id i ty .  In  |
th e  pH range, th i s  g ives r i s e  to  th e  l in e a r  dependence of r a t e  on hydrogen 
io n  a c t i v i t y .  In  th e  range th e  e x tra  f a c to r  o f  a  decreasin g  a c t i v i t y  
o f w ater makes th e  r a t e  l e s s  s e n s i t iv e  to  changes in  a c id i ty ,  1
One reason  f o r  th e  reduced b a s ic i ty  of th e se  oximes may be that 
hydrogen bonding in (5 2 ) between th e  hydroxyl group afid the carbonyl . 
o f  th e  amide lead s  to  a  s t ru c tu re  w ith  (5^) one o f i t s  canon ica l 
form s. The n itro g en  o f th è  N = 0 group i s  only weakly b a s ic  and so i t  i s  
n o t unreasonable to  propose th a t  (5 2 ) i s  a  weaker base than  {55)• 4
Although th e  presence of an  amide group low ers th e  b a s ic i ty  of (52), | 
i t  s t i l l  h y d ro ly s is  more ra p id ly  th an  (55)» I t  could be t l ia t  th e  slow 1
s te p  in  oxime h y d ro ly s is , p ro ton  removal from the te t r a h e d r a l  intermediate, Î 
i s  e f fe c te d  in  this case not by a w ater molecule (as in  scheme 33) b u t by i
the neighbouring amide group (scheme Thus the  amide group in  4
benzoylformamide mono-oxime and n o card ic in  A may e x e rc ise  two functions* 1
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reducing the basicity of the oxime, but enhancing the reactivity of the 
hydrated form.
What is significant in our understanding of the overall acid 
hydrolysis of nocardicin A is that observed specml changes are due to 
oxime hydrolysis, not to opening of the -lactam ring. From the 
foregoing, it may be concluded that, in moderately concentrated acid, 
the mechanism of nocardicin A hydrolysis is relatively rapid opening 
of the ^  -lactam ring and slower hydrolysis of the oxime group. As 
these two processes vary with acidity in different ways it may be that, «j
at lower acidities, ^  -lactam cleavage is the slower process. Neither ;j
'Iprocess occurs at high pH, such as tliat in biological systems, and so u
^ !the acid hydrolysis of nocardicin A is not important in its use as an i
Mantibiotic, U
A P P E N D I C E S
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APPENDIX 1
KEDZY -  8WINB0URNB MBDKH) ]M)R 33Œ I%3%R%Q3ATI0N OF FIRST- 
ORDER RATE CONSTANTS
Any first-order reaction must obey equation (i)
A„ -  ( i )
where A is the concentration of the reacting species at time t, A^ is its 
initial concentration and k is the first-order rate constant. At a later 
time (t H- At), the concentration of reactant would he A^ , where
*1 = A g-k(t + At) - ( i i )o
Dividing (i) by (ii) gives (iii)
A/A^ = e^ - (iii)
or A “ A^ - (iv)
Thus if the concentration of the reactant is known at two points 
a known time apart, equation (iv) allows k to be calcula.ted. The usual 
procedure is to take a number of p a ir s  of concentrations (A and A"), 
separated by a  fixed time interval At. A graph i s  plotted of A as a 
function of A^, the gradient (g) is m easured, and then
k ^ (In g)/A t - (V)
t is chosen to be ca. 70$ of the h a l f - l i f e
" 1 2 8 -
ï t  i s  no t necessa ry  to  use th e  ab so lu te  va lues o f A in  th i s  
an a ly sis*  any s e t  o f  measurements which have a  l in e a r  r e la t io n s h ip  w ith  
th e  co n cen tra tio n s  w i l l  y ie ld  th e  same r a te  co n s ta n t. The d isp lacem ent 
from th e  b a se - lin e  on graphs o f  o p tic a l  d e n s ity  a g a in s t  tim e was used in  
t h i s  p ro je c t .
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APPENDIX 2
A MATHEMATICAL MODEL OF SIMULTANEOUS REACTIONS,
Assume th a t  a  substance K r e a c ts  in  a  number o f  d i f f e r e n t  ways 
s im u ltaneously . The case o f  3 d i f f e r e n t  pathways i s  considered  h e re , b u t 
th e  conclusions can be g e n e ra lis e d  to  any number.
The co n cen tra tio n s  o f  th ese  substances can be form ulated,
where
S im ile r ly ,
- 1 A ] ^  e"V
“ 4- kg 4‘ k^
I A  ]
#  -
d [ B ] / d t I^ll A ] o  e " V
( i )
( i i )
( i i i )
( iv )
Z = >  [B] i  I A] (1 e"V)kT
1 G ) k
[ B] “  Ic
-  | A ) ^ (1  -  e " V )  
^  1 A ] ^ (1 - e"V)
-  (v)
( v l )
( v i i )
Now,
T h ere fo re ,
k.,
I B ] oo
ln ( l  B loo "  ) • V
( v i i i ) 
( Ix )
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Thus, p lo t t in g  a  graph o f ln (  [ B “ [S  ] ) vs t  a llow s and 
not fc^, to  be found. C onsidera tion  o f the co n cen tra tio n s  o f th e  o th e r  
products w i l l  a lso  y ie ld  k^.
A Swinbourne a n a ly s is  o f  d a ta  r e la t in g  to  [ B ] (o r  [ C ] or [ D ] )
w i l l  a ls o  y ie ld  s in c e , fo r  s e t s  o f measurements [ B ] and [ B] *
sep a ra ted  by a f ix e d  tim e in te r v a l  A t ,
[ B ] = [ B ] '  e f r  A t ^  [ B Joo (1 _ (^ )
T iierefore, i t  makes no d if fe re n c e  w hether a  r e a c ta n t  o r  p roduct i s
observed during  a  k in e t ic  experiment* the a n a ly s is  always y ie ld s  th e  r a t e  
co n stan t fo r  the  consumption o f th e  re a c ta n t .
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APPENDIX 3
A MATHEMATICAL MODEL FOR WO CONSECUTIVE REACTIONS, 
For the  g e n e ra lis e d  r e a c t io n  scheme
kg— ------ > B    > C
where kj  ^ and kg a re  th e  r a t e  co n stan ts  fo r  the re a c tio n s  o f A and B 
re s p e c tiv e ly , th e  co n cen tra tio n s  o f  the  th ree  su bstances obey th e  fo llow ing  
laws •
[ A ] “  [A  I g  e " V  -  (1)
[ B ] -  _hL__ 1 A ] ^ -e"V) -  ( i i )  |
I M  -  I M o  + [ A ] ^ ( k , e - V _ k , e - V ) ^ ^ ^ ^ j
In  th i s  p r o je c t ,  much o f th e  acq u ired  d a ta  has been fo r  the  concen» 
t r a t io n  o f an in te rm e d ia te . T herefore th e  most re le v a n t equation  i s  ( i i ) .
This can be s im p lif ie d  a s  fo llow s
Assume kg •
Then, fo r  s u f f ic ie n t ly  sm all values o f t ,
T h e re fo re , [ B ] = [ A ] ^ (1 ~ e ^1 ^ ). -  ( iv )
Thus, an a n a ly s is  o f d a ta  acq u ired  c lo se  to  the  beginning o f th e  
re a c t io n  y ie ld s  k^.
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A lso, for s u f f ic ie n t ly  la rg e  values o f t ,
e - k l t  0
T h ere fo re ,
[ B 1 = [ A ] ^  e"V. -(v)
Thus, an a n a ly s is  o f d a ta  acq u ired  towards th e  end o f th e  r e a c t io n  j 
y ie ld s  kg.
Now suppose th a t  kg.
Then, fo r  s u f f ic ie n t ly  sm all v a lu es  o f t ,
e - V  1.
T h ere fo re ,
I B ] = A^ (1 - e V ) .  - (vl) I
,,j
.1An a n a ly s is  o f da ta  a cq u ired  c lo se  to  th e  beginning  o f th e  r e a c t io n  4
i
w i l l  th e re fo re  y ie ld  k^. ^
3And, fo r  s u f f ic ie n t ly  la rg e  v a lues of t, |
@"*2^ 0 I
T herefo re , jk '
[ B ) = -^ rA o  " ( v l l )
An a n a ly s is  o f da ta  acq u ired  c lo se  to  th e  end o f  the  r e a c t io n  w i l l  
th e re fo re  y ie ld  k^ .
In  summary, providing the  two rate co n stan ts  a re  sufficiently 
d i f f e r e n t ,  they  can bo th  be e lu c id a te d  from a  graph o f [ B ] vs tim e .
For th i s  approximate method to be u s e fu l, k^ and kg must be d i f f e r e n t  by 
a t  l e a s t  a  f a c to r  o f  4 . Even so , though, the higher o f th e  two w i l l  always
-133'
ap p ea r, from th i s  a n a ly s is ,  to  he ca, 20^ h igher th a n  i t  a c tu a l ly  i s .
The r i s in g  p a r t  o f th e  graph always y ie ld s  th e  h igher r a t e  c o n s ta n t, 
and th e  f a l l in g  p a r t  th e  lower one, re g a rd le ss  o f which process occurs f i r s t  
The time taken  fo r  [ B ] to  reach  a maximum can he found by 
d i f f e r e n t ia t in g  equation  ( i i )  and s e t t in g  the  ex p ress io n  equal to  ze ro .
'2 1 k^
APPENDIX 4
A FORTRAN COMPUTER PROGRAM FOR THE ANALYSIS OP DATA FOR TWO 
CONSECUTIVE REACTIONS.
The o p t ic a l  d e n s ity  a t  any tim e i s  g iven  by
° '» '  [A ] + B ] + ( : ( ; [  C I
where ^  i s th e  e x tin c t io n  c o e f f ic ie n t  o f the  su b stan ce . The 
co n cen tra tio n s  o f each sp ec ie s  a re  found from equations ( i )  -  ( i i i )  
o f Appendix 3®
The te x t  o f the  program i s  a s  follows*
IMPLICIT REAL *8(A-H,0~Z)
DIMENSION BL(3), BU(3),W(40),X(3)
INTEGER IW(6)
gommon/ a/ npts
comon/ a/ it im e (io o )
common/ a/ dt(io o )
comok/ a/ eg
N=3
READ(1,10)NPTS 
10 FORMAT(i 6)
READ(1,12)(X(K),K=1,3)
12 P0RMAT(3D10.3)
READ(1,12)(BL(K),K=1,3)
READ(1,12)(BU(K),K=1,3)
READ(1,13)EG
-13$'
13 F0BMAT(D10o3)
READ(1,11) (ITIMB(K) ,K=1, NPT8 ) ,  (DT(K), K=l, NPT8 )
11 PORMAT( NPT8 l6 , NPÏS P6.3)
IBOUWD“0
LIW-5
XFAIL-1
CALL E04j AF(ïï,IB0ÜHD,BL,BÜ,X,P,IW,LBJ,W,LW.IPAIL) 
IP(lFAr.L.NE.0)vmiTB(6,97)lPAIL 
9?. PORMAT( *IPAIL= M 3 )
IF(IPAIL.EQ.1)G0 TO 20 
VRITB(6,99)FC 
99 FORMAT('0',D10,3)
W RITB(6,100)(X(J),J=1,N)
100 FORMAT('0*,D10.3,2X,D10.3,2X,D10.3)
STOP
END
SUBROUTINE FUNGTl(N,XC,PC)
IMPLICIT REAL *8(A-H,0-Z) •
DIMENSION XG( 3 )
common/ a/NPTS 
COMMON/A/lTII'ffi) (100 )
common/ a/ dt( ioo )
commok/ a/ bc
Xl-XC(l)
X2=XC(2)
X3=XC(3)
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DO-DT(l)
FG-0,0
DO 1 1=2, N m  
T-DPL0AT(ITIMS(I))
D=DT(I)
PT=(D-D0)/Xl-K2#(DEXP(-X2i%T )-DEXP(-X3*T) )/ (X3-X2 )
PD43G (1+(X2 DEXP(-X3*T)-X3 DEXP(-X2*T))/(X3-X2))/X1
FT=FT«PD 
1 FG^FG4TOFT 
RETURN 
END
This progTam uses a  le a s t~ sq u ares  m in im isation  p rocess to  f in d  
the optimum values o f th re e  param eters* X ( l) ,  X(2) and X (3). X(2) and
X(3) a re  th e  two r a t e  co n stan ts  and k^. X (l) i s  th e  product o f 
S b * 1 A]q 8.nd th e  f r a c t io n  o f A which i s  transform ed  in to  B,
The data re q u ire d  fo r  th e  program i s ,  in  order*
1. The number o f  d a ta  p o in ts  (KPTS) to  be used
2. I n i t i a l  guesses fo r  X ( l) ,  X(2) and X(3)« |■■'I3. Lower bounds s e t  on th e  v a lues o f th e se  param eters (BL(1), BL(2) 1
:3and BL(3))
4 . Upper bounds s e t  on th e  param eters (B U (l), BU(2), BU(3))
5. An estimate o f the  f i n a l  absorbance o f th e  s o lu tio n  (EG). (This
i s  u su a lly  extrem ely sm all, and i s  O.D,cq « O .D .*) jO -a
6. The experim en tal data. This c o n s is ts  o f  a  l i s t  o f a l l  th e  tim es I
1
to  be considered , fo llow ed  by a  l i s t  o f a l l  th e  optical d e n s i t ie s  I
Imeasured at th e se  times. There should  be NPTS item s in  each l i s t ,  i
I
A ll o f t h i s  d a ta  c o n s t i tu te s  one s ta tem e n t. j
-137 '
For each d a ta  p o in t, th e  program ev alu a te s  FT, which i s  th e  
d if fe re n c e  between th e  experimental* o p t ic a l  d en s ity  and the  v a lu e  
c a lc u la te d  u sing  the  c u rre n t v a lues o f  X (l) , X(2) and X(3) and tim e.
I t  th en  ev a lu a te s  FC, which i s  th e  sura o f  th e  squares o f FT over a l l
NFfS d a ta  p o in ts . And i t  f in d s  and p r in ts  out th o se  values o f  X ( l) ,  
X(2) and X(3), w ith in  th e  p re sc rib ed  bounds, which g ive  r i s e  to  th e  
low est FG, To do t h i s ,  th e  program makes use o f an  a lgorithm  (E04JAF), 
which i s  p a r t o f  the  S t Andrews U n iv e rs ity  com puter’s permanent
so ftw are , on th e  MG f i l e s .
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I
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